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Abstract
Magnesium (Mg) and some of its alloys are attracting increasing interest as 
promising biodegradable materials for medical applications due to their analogous 
mechanical properties in relation to bone tissues, functional roles in the human body, 
decent biocompatibility and higher strength to weight ratio than other metallic, 
polymeric and ceramic biomaterials. Porous Mg and Mg alloys can be used as bone 
substitutes with bone mimicking characteristics. Moreover, the gradual biodegradation 
of porous Mg and Mg alloys after implantation, eliminates the necessity of removing 
the implant via a subsequent surgical procedure, which makes Mg scaffolds more 
favorable than other porous metallic biomaterials.
However, the contribution of porosity in Mg reduces the mechanical strength of 
the structures. Furthermore, the degradation of Mg, the vital performance of Mg 
implants as biodegradable material, leads to loss of mechanical properties, which is 
the most serious limitation for orthopaedic applications. Therefore, increase in 
mechanical properties of Mg scaffolds seems to be essential to rectify the strength 
deficiency stems from porous structure and degradation. These limitations can be 
overcome by addition of high strength reinforcement particles to produce Mg 
composite foam. Different production methods have been developed in the fabrication 
of porous Mg: (i) the melt processing and (ii) solid processing methods. The 
application of powder metallurgy (PM) process in orthopedics and dentistry to 
fabricate strong and reliable bone implants has been approved. PM process can be 
utilized with space holder material to fabricate porous structure. The porosity and pore 
size can be controlled through manipulating of spacer material to produce Mg foams 
with appropriate porous properties consistent with bone tissue. High-energy 
mechanical milling of powders, as a preliminary process to PM technique for powder 
preparation, has been investigated. Especially, this approach can improve the 
mechanical properties of the Mg powder-based materials.
In this research, PM process associated with mechanical milling were utilised to 
produce pure Mg and Mg composites. Niobium (Nb) and tantalum (Ta) were used as 
reinforcement material. 
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Bulk pure Mg with various particle sizes (average particle size of 50 (type 1), 
113 (type 2) and 345 μm (type 3)) were fabricated and their mechanical properties 
were evaluated through compressive and micro-hardness tests. Yield strength (YS) and 
ultimate compressive strength (UCS) of bulks made of type 2 Mg powder was 
measured to be higher than that of bulks made of type 1 and type 3 Mg powder. 
However, Elastic modulus (EM) and micro-hardness were decreased by increase in 
particle size of Mg powders. The microstructural investigations also revealed more 
porosity and improper sintering condition in bulks fabricated from fine Mg particles. 
Then, type 2 Mg powder was selected and mechanically milled for various intervals.
According to microstructural and mechanical investigations, 9 h milling time was 
selected as optimum milling time in this study and Mg-Nb and Mg-Ta bulk and foam 
composites were prepared accordingly.
In milled Mg-Nb and Mg-Ta composites, inserted reinforcement particles in Mg 
powders, termed here as “inner-particle reinforcement particulates”, and uniform 
distribution of reinforcement material were obtained through mechanical milling. The
increase in reinforcement content introduced large agglomerates of reinforcements in 
some compositions resulted in reduction of uniformity. No intermetallic compound 
was formed in the microstructures by addition of reinforcement materials in Mg 
matrix. Typically, the mechanical properties of Mg composites were improved by 
increase in reinforcement content. Mg-Nb composites possessed higher mechanical 
properties compared to Mg-Ta composites. The maximum mechanical properties for 
bulk Mg composites were observed for 9 h milled Mg20Nb. The EM of 25.01 GPa, 
0.2% YS of 150.6 MPa and UCS of 320.47 MPa were measured for Mg20Nb which 
were 2.2, 1.3 and 1.1 times, respectively, higher than that of 9 h milled pure Mg. In 
Mg-Ta composites, the maximum mechanical properties belongs to Mg20Ta. The 
addition of reinforcements through manual mixing developed “outer-particle 
reinforcement particles” and provided less uniform distribution of reinforcements
compared to mechanically milled mixture powders. Manually mixed Mg-Nb 
composites revealed even lower mechanical properties than milled pure Mg.
Porous pure Mg and Mg composites were fabricated using ammonium hydrogen 
carbonate (AHC) as space holder material with various porosities. In the 
microstructure of all porous pure Mg and Mg composites, irregular-shape cells
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including small isolated micro-pores as well as both isolated and interconnected 
macro-pores were observed. The variability in dimension and shape of pores in 
fabricated foams was similar to that of bone tissue. The size of pores was larger and 
more distributed in porous Mg composites containing high amounts of reinforcement 
material than that of porous pure Mg. The compressive results revealed that 
compressive properties of all pure Mg and Mg composites are reduced by increasing 
porosity and pore size. In porous Mg composites, the compression properties are 
reduced by increase in reinforcement material which is relating to the presence of 
porosity and outer-particle reinforcement particles. In porous samples prepared with 
specific amount of space holder material, the increase in reinforcement content 
reduced the mechanical properties. The mechanical properties of fabricated porous Mg 
in this study (through a combination of mechanical milling and PM process) is higher 
than that of Mg foams reported by other researchers used PM process. 
Different corrosion tests including hydrogen evolution, weight loss rate and 
potentiodynamic polarization evaluated the corrosion characteristics of bulk Mg/Mg 
composites in simulated bode fluid. The hydrogen evolution tests showed an 
incubation for all the Mg/Mg composites except for Mg10Nb composite. Unmilled 
pure Mg bulks fabricated from large Mg particles (average particle size of 345 μm)
possess the lowest corrosion rate of 5.123 ݉݉ ݕ݁ܽݎΤ among studied Mg/Mg 
composites. The corrosion rate was increased for 9 h milled pure Mg bulks and further 
increased to its highest point for milled Mg10Nb composite. The evolved hydrogen as 
well as degradation rate, measured based on various corrosion tests, were increased by 
increase in reinforcement contents and milling time. The detrimental effect of 
mechanical milling on corrosion properties was observed to be more dominant than 
reinforcement content in composites. The results of ion release also proved the higher 
degradation rate of Mg composites due to higher concentration of Mg in composites.
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CHAPTER ONE INTRODUCTION
1 Chapter 1 - Introduction
The increase of body injuries in humans as well as animals results in a high 
demand for implants and biomaterials. These implants are used to repair the harmed 
body part, entitled as “short-term” implants or replace it completely, named as “long-
term or permanent” implants. The short-term implants which have to be removed after 
healing cause additional surgeries and the increase of cost and time of treatment. 
Therefore, biomaterials which are absorbable by the living tissue to eliminate 
additional surgery processes have attracted a great attention. The development of 
biodegradable implants has been one of the greatest and most crucial progression in 
medical science. A biodegradable material can be gradually dissolved within body and 
replaced by living tissue after healing. The biodegradable implants, in contrast to long-
term implants, will not develop constant chronic inflammation or physical irritation
(Brar et al. 2009; Nasution & Hermawan 2016; Song & Song 2007). Currently, various 
materials such as polymers, ceramics and metals have been developed as 
biodegradable implants (Dai et al. 2015; Denkena, B et al. 2005; Manchón et al. 2015;
Pulapura & Kohn 1992; Staiger, MP et al. 2006; Van der Giessen et al. 1996; Yuan et 
al. 2016). However, from mechanical properties point of view, they still suffer from 
inadequate stiffness and strength especially for high load bearing applications such as 
in orthopaedics. The substantial and considerable issue in the case of mechanical 
properties of biomaterials is that the mechanical properties of biodegradable implants 
should match the mechanical property of tissue to reduce the problem of “stress 
shielding” which is important in metallic implants. Dissimilar mechanical properties 
of biomaterials and bone tissue lead to non-uniform stress transmission and actually 
absorption mostly by implant. This eventually causes the loosening of implant or 
fracture of bone after removal of implant (Li, Y et al. 2012; Niinomi, Nakai & Hieda 
2012).
Magnesium (Mg) unlike other metallic biomaterials can dissolve within the body 
and its corrosion products are biologically absorbable and non-toxic (Li et al. 2012;
Zhou, Y et al. 2013). Mg is one of the most crucial elements for human body and is 
essential to all living cells. Mg and its alloys are also non-magnetic materials which is 
suitable for roentgenoscopy (Li, Y et al. 2010; Song, Y et al. 2009; Witte, Fischer, 
Nellesen & Beckmann 2006). Mg and its alloys are classified as lightweight metals 
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with density ranging from 1.74 to 2.0 g/cm3 which is close to that of human bones 
(1.8-2.1 g/cm3). Their elastic modulus as well as compressive yield strength are closer 
to that of bone in comparison to other metallic and non-metallic implants (Gu, X-N & 
Zheng 2010; Staiger, MP et al. 2006).
Mg foams also offer good potential for implant materials due to bone mimicking 
characteristics and appropriate connection to the bone tissues. Osteoblast cells as well 
as blood vessels can migrate and proliferate into the pores to form bone tissue inside 
the implants. Thus, new bone interlocks the porous surface of foams to the surrounding 
natural bone, leading to the improved integration and superior mechanical consistency. 
Moreover, the gradual biodegradation of porous Mg and Mg alloys after implantation, 
followed by the absorption of Mg ions in the body, eliminates the necessity of 
removing the implant via a subsequent surgical procedure, which makes Mg scaffolds 
more favorable than other porous metallic biomaterials (Hutmacher 2000; Paganias et 
al. 2012; Zhuang, Han & Feng 2008). However, the use of porous Mg implants in 
critical load bearing applications is restricted due to limited strength of porous 
structure. These limitations can be overcome by addition of high strength 
reinforcement particles to produce Mg composite foam. The yield strength and elastic 
modulus of Mg composites can be improved by introduction of different material and 
types of reinforcements such as zircon, graphite, alumina, silicon carbide, titanium 
(Lloyd 1994; Moll & Kainer 2002; Sankaranarayanan, S., Jayalakshmi & Gupta 2011).
However, the choice of reinforcements is dictated by production methods, application 
and cost and in the field of biomaterials, the biocompatibility and biodegradability of 
reinforcements should be seriously attended. Niobium (Nb) and tantalum (Ta) are 
recently used in medical applications due to their good biocompatibility (Ahmad & 
Barranco 1973; Li et al. 2010; Shanthi et al. 2012). They represent higher modulus 
elasticity than Mg, which makes them suitable to be utilized as reinforcement in Mg 
matrix. Nb and Ta are immiscible with Mg and represent high corrosion resistance, 
thus, they may improve the mechanical properties and corrosion resistance of Mg 
matrix in human body fluid.
In the field of manufacturing techniques, generally, there are two main methods: 
(1) powder metallurgy process and (2) molten metal methods. The manufacturing 
method depends on reinforcement materials, size and morphology, matrix material and 
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cost. Powder metallurgy process can be used as a promising method to fabricate
porous composites due to its unique characterisations such as capability to work
in solid state, flexibility in material choice as matrix and reinforcement and the
ability to use high volume fractions of reinforcement (Banhart, John 2001; Mordike, 
Kainer & Schroder 1990).
In conclusion, new Mg foams with appropriate porous properties, enhanced 
mechanical properties, improved biocompatibility and biodegradability, higher 
corrosion resistance and lower degradation rate are highly desirable for biomedical 
applications. Various Mg alloys with different porous properties have been 
investigated so far. Some progress have been achieved in order to improve the 
mechanical properties as well as biodegradability and biocompatibility of Mg-based 
foams. But nevertheless, more and superior experiments and researches are necessary 
to determine the structural, mechanical and porous properties of Mg foams.  Because,
in addition to Mg alloy composition, the porous structure also introduces some 
properties to Mg foam implants which should be seriously attended. Thus, 
understanding the effect of addition of elements to Mg matrix on mechanical properties 
and biocompatibility of porous Mg as well as the mechanism and interaction of such 
elements with porous properties and biodegradability of Mg foams is crucial for the 
development of Mg foams for biomedical applications. With the above mentioned 
background, this thesis hypothesises that the addition of biocompatible Nb and Ta 
particles to Mg matrix, through a synthesis method including mechanical milling and 
powder metallurgy processes, will result in reinforced Mg composites with improved
mechanical and biocorrosion properties.
1.1 Main Aims
The aim of this PhD project is to develop new porous Mg composites with 
enhanced mechanical properties and acceptable biodegradability. In this regard, the 
followings will be achieved:
1) Development of newly biocompatible and biodegradable bulk and porous 
Mg composite with biocompatible reinforcements.
PM process was employed to introduce Nb and Ta reinforcements into Mg 
matrix due to advantageous of PM method such as working in solid state and 
3
CHAPTER ONE INTRODUCTION
possibility and flexibility of employing and mixing various material. The 
biodegradable bulk Mg composite and Mg composite foam were developed 
successfully.
Nb and Ta were used as reinforcement to improve mechanical properties of 
Mg matrix. Because Nb and Ta are biocompatible elements and mature 
osteoblast-like cells more rapidly.
2) Investigation of the effect of Nb and Ta on the microstructure, mechanical 
properties and corrosion behaviour of bulk Mg composites.
The best composition of bulk Mg-Nb and Mg-Ta composites was optimized 
by evaluation of mechanical properties and corrosion resistance.  
3) Investigation of the influence of Nb and Ta on the microstructure and 
mechanical properties of porous Mg composites.
The best composition of porous Mg-Nb and Mg-Ta composites was 
optimized by evaluation of mechanical properties.  
4) Evaluation of the effect of porous structure on Mg-Nb and Mg-Ta 
composites.
The effects of porous structure such as porosity, pore size and pore 
distribution on the microstructure and mechanical properties of the 
optimized composition of porous Mg-Nb and Mg-Ta composites were 
investigated.
1.2 Thesis Structure
This thesis is scientifically organized in 9 chapters as follows:
Chapter 1, introduction: introduces the motivation and scope of this Ph.D. 
project
Chapter 2, Literature Review on Biocompatible and Biodegradable 
Magnesium: comprehensively reviews research progresses on the development of 
Mg, Nb and Ta as biocompatible implant materials. Also reviews the advancements 
and applications of porous structures in medical applications. The effects of Nb and 
Ta elements as well as porous structure on the mechanical properties, corrosion 
behaviour and biological properties of Mg have been critically summarized. 
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Chapter 3, Materials and Methodology: provides information on materials 
used in this project as well as characterization techniques, processing parameters and 
the testing procedures.
Chapter 4, characterization of powders: the specification and characteristics 
of pure Mg as well as Mg-Nb and Mg-Ta mixture powders utilized to fabricate bulks 
and porous structures have been explained in this chapter. The effect of mechanical 
milling on the pure Mg powder as well as Mg-Nb and Mg-Ta mixture powders will be 
provided.
Chapter 5, Microstructural characteristics and Mechanical properties of 
bulk pure Mg, Mg-Nb and Mg-Ta composites: this chapter represents the 
microstructural and mechanical properties of pure Mg bulks fabricated from various 
particle sizes of Mg powder. It also presents the results of the effect of Nb and Ta on 
the microstructural and mechanical properties of newly developed bulk Mg 
composites. The effect of mechanical milling will be discussed and the optimized 
parameters of milling process and contents of Nb and Ta for bulk structure are 
established in this chapter.
Chapter 6, Microstructural and Mechanical characteristics of porous pure 
Mg, Mg-Nb and Mg-Ta composites: the microstructural and mechanical properties 
of porous pure Mg as well as Mg-Nb and Mg-Ta composites are presented in this 
chapter. The optimum content of reinforcement material as well as porous parameters 
are expressed. 
Chapter 7, Biocorrosion of bulk pure Mg, Mg-Nb and Mg-Ta composites: 
the results of corrosion behaviour of bulk pure Mg, Mg-Nb and Mg-Ta composites in 
simulated body fluid (SBF) will be presented. The effect of the particle size of Mg 
powders as well as Nb and Ta contents on the corrosion characteristics of powder 
metallurgy (PM) processed Mg/Mg composites will be declared. The optimized 
contents of Nb and Ta for bulk composites are established.
Chapter 8 presents a General discussion which is followed by the Conclusion in 
Chapter 9.
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2 Chapter 2 - Literature Review
Magnesium and magnesium alloys are being investigated as implant materials 
due to decent biocompatibility and biodegradability. Furthermore, low density (1.74a2
g/cm3) and Young’s modulus (41a45 GPa) of Mg/Mg alloys, which are also close to 
that of the human bones (1.8a2.1 g/cm3, 10a40 GPa) (Gu, X-N & Zheng 2010; Zhou, 
YL et al. 2011), and greater strength rather than ceramic and polymeric biomaterials 
and also tending to stimulate the growth of a new bone tissue (Li, Y, Hodgson & Wen 
2011; Seyedraoufi & Mirdamadi 2013; Xin, Hu & Chu 2011) make them to be proper 
substitute materials particularly for bone tissues (Wen, C et al. 2004).
Also allocation of a specific structure for implants such as a porous matrix for 
more appropriate connection to the bone tissues seems to be a suitable alternative. 
With this in mind and according to the properties of magnesium, it can be deduced that 
magnesium foams or porous magnesium alloys are one of the best and practical 
examples of porous materials. They have a great potential to be implanted as bone 
tissue particularly in load bearing applications based on improved bone-implant 
fixation with acceptable mechanical properties. Since the structure of bone tissue and 
porous Mg are similar, natural cells as well as new blood vessels can invade into the 
Mg pores (Gu, XN et al. 2010) which after 3 to 4 months (Gu, X-N & Zheng 2010)
lead to new bone formation within and around the magnesium foam and a 
comprehensive bond of bone tissue and Mg foam will be provided. In conventional 
metallic implants, a post-surgery is required to remove the implant which is an 
extremely intricate operation at this stage and leads to loss of a large number of blood 
vessels and living tissues. However, porous structure of Mg foam causes the body fluid 
transportation and the ingrowth of new bone tissue and its biodegradability results in 
gradually degradation of Mg foam structure and absorption of Mg ions in the body 
during the healing. Therefore, no subsequent surgery is required after the injured bone 
was cured, which is one of the most outstanding goals of replacing conventional bio-
metallic foams with bioabsorbable Mg-base alloys.
However, the use of Mg-alloy implants in critical load bearing applications is 
restricted due to intrinsic limited strength of magnesium and limited strength originates 
from porous structure. These limitations can be overcome by utilising high strength 
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reinforcement particles to produce magnesium composite (Lloyd 1994) and increase 
the strength of magnesium foams. But, there are serious limitations to select proper 
reinforcement.  
This literature review summarises the properties of Mg/Mg alloys as desired 
biocompatible and biodegradable materials. The specifications and biomedical 
characteristics of niobium (Nb) and tantalum (Ta) are reviewed. It provides recent 
development of fabrication, characterisation and application of porous structures as 
well as Mg foams used as biomedical implants for bone tissue. The methods and 
strategies used to improve the mechanical properties of Mg foams is considered. 
Eventually, the corrosion characteristics of Mg as well as the effect of reinforcement 
material and mechanical milling on the corrosion performance of Mg are deliberated.
2.1 Bone structure and mechanical properties
Bones are rigid organs that protect various organs of body and provide a frame 
to support the whole body. They also generate red and white blood cells, provide 
movement ability for skeletal muscles, and reserve minerals. Bones have various 
shapes and sizes and complex internal and external structures which serve multiple 
functions (Steele 1988).
Bone is composed of hydroxyapatite (Caଵ଴(POସ)6(OH)ଶ) crystals deposited 
within an organic matrix. As can be seen in Figure 2.1, it is not a uniformly solid 
material and actually has been formed of a porous core, which is called trabecular bone 
with 50-90% porosity, density of 0.30 g/cm3 and pore size of 1 mm, and an almost 
solid membrane defined as cortical bone. The cortical bone, surrounding the trabecular 
bone, has a series of canals with the porosity of 3-12% and density of 1.85 g/cm3. So 
implants with porous structure could meet the resemblance requirement by bone 
ingrowth into the porosities (Karageorgiou & Kaplan 2005).
Mechanical properties of bones depend on various parameters such as type, 
position and orientation, architecture, mineral density, porosity and pore size of bone 
as well as the age, activity, nutritional state and disease status of individuals which 
causes major challenges to determine the exact mechanical properties of bone 
(Karageorgiou & Kaplan 2005; Pope & Outwater 1974).
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Figure 2.1 (a) schematic of trabecular and cortical bone structure (b) bone 
architecture in the 3rd lumbar vertebra of a 30 year old woman 
(BoneResearchSociety 2008).
For instance, experiments done by Pope and Outwater (Pope & Outwater 1974)
show that, long bones are highly anisotropic at the mid-diaphysis and isotropic at the 
epiphyses. Karageorgiou and Kaplan (Karageorgiou & Kaplan 2005) stated that, 
elastic modulus of 3, 5 and 35 year old femoral specimens is 7.0, 12.8 and 16.7 GPa, 
respectively. They also reported that, the tensile strength and elastic modulus of 
femoral cortical bone decrease by 2% per decade. In Table 2.1, Table 2.2 and Table 2.3
some mechanical properties of various human bones at different conditions have been 
reported.
2.2 Materials and structures for biomedical application
The application of the biomaterials backs to around 2000 years ago, when the 
archaeologists found some dental implants. Increase of body injuries in humans and 
animals resulted in a high demand for these materials and led to a remarkable 
development specially after World War II (Malekani et al. 2011). The application of 
biomaterials continues to grow due to increase of health care request as well as 
medicine and engineering advancement. For example, to date millions of people have 
used various orthopaedic implants and an increment of $41.8 billion by 2016 is 
predictable just for this industry (Dee, Puleo & Bizios 2003; Richards et al. 2012).
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Table 2.1 Tensile, compressive, and shear strengths of human femoral mid-shaft 
(Turner, Wang & Burr 2001).
Longitudinal Transverse
Tensile strength 133.0 MPa 51.0 MPa
Compressive strength 193.0 MPa 133.0 MPa
Shear strength 51.6 MPa 65.3 MPa
Table 2.2 Elastic modulus of human femur (Reilly & Burstein 1975).
Tension Compression
case I II III (right) IV (left) V
Elastic modulus
(GPa)
10.1 14.1 13.2 13.4 11.7
Table 2.3 Mean longitudinal and transverse shearing strengths of human compact 
bone (Saha 1977).
Source Bone Condition
Direction of 
Shear
Shearing 
Strength 
(MPa)
30 year old man Femur Fresh
Transverse 116.2
Longitudinal 49.3
Human (18 and 63
years old)
Femur Fresh Longitudinal 74.1
Tibia Fresh Longitudinal 79.9
Human
Femur Wet Transverse 82.4 ± 1.77
Tibia Wet Transverse 80.4 ± 1.86
Human (age 25) Femur Wet Longitudinal 48.2
The biomaterials are one of the most significant areas in both medical and 
materials science. However, the term “biomaterial” has different interpretations in 
material and medical science. It can be defined here as “A synthetic material used to 
replace part of a living system or to function in intimate contact with living tissue”  
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(Park, JB & Bronzino 2002; Shi, D 2006) or “Materials that constitute parts of medical 
implants, extracorporeal devices, and disposables that have been utilised in medicine, 
surgery, dentistry, and veterinary medicine as well as in every aspect of patient health 
care” (Dee, Puleo & Bizios 2003).
Biomaterials are used for various medical purposes such as orthopaedic and bone
implants (Gu, X-N & Zheng 2010; McBride 1938; Shadanbaz & Dias 2012), tissues 
such as skins, ligaments and cardiovascular tissues (Hodde 2002; Hollinger 2011;
Jebahi et al. 2013; Payne et al. 2013) and drug delivery (Alexander et al. 2013;
Andersen et al. 2013; Chen, Wang & Fang 2013; Halpern et al. 2013). According to 
broad application and required properties of implants, a wide variety of materials are 
attempted to be used as biomaterial, including polymers, ceramics, glasses  as well as 
metals and alloys.
Polymers like polyethylene, polyurethane, poly(vinyl chloride) and poly(methyl 
methacrylate) are used for cardiovascular devices, orthopaedic applications, drug 
release and so on. Ceramics and glasses such as alumina, zirconia, bio-glasses 
(composed of Na2O-CaO-P2O5-SiO2) and hydroxyapatite are the materials of choice 
for dental, soft tissue and orthopaedic implants (Adhikari et al. 2008; Dee, Puleo & 
Bizios 2003; Hench & Polak 2002; Tan, Lili et al. 2013). These materials are corrosion 
resistant in biological environments and have various degradation properties to imitate 
the properties of different tissues. However, from mechanical properties point of view, 
they still suffer from inadequate stiffness and strength specially for high load bearing 
applications such as in orthopaedics (Nair & Laurencin 2007; Shalaby & Salz 2006).
Metals and alloys are used for around 70-80% of implants especially for reconstruction 
of hard failed tissues, pins, screws and plates. Stainless steels, cobalt (Co) alloys, 
titanium (Ti) and its alloys are the most widely used metals in these cases (Niinomi 
2008; Niinomi, Nakai & Hieda 2012; Xin, Hu & Chu 2011).
In addition to mechanical properties of biomaterial, which is important for bone 
application, implants also should imitate the bone morphology and structure for the 
optimum integration into surrounding tissue. Moreover, the implants used to repair the 
harmed body part or replace it completely - the life cycle of implant - leads to divide 
them into two groups called short-term and long-term implants, respectively. Long-
term or replaced implants remain in the body permanently but short-term implants 
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have to be removed after healing which results in additional surgeries. The most 
outstanding problems of the post-surgery processes are the increase of cost and time 
of treatment. Therefore, biomaterials which are soluble in body environment and so 
absorbable by the living tissue to eliminate additional surgery processes seem to be 
necessary. Intensive researches on various biomaterials eventually leaded to 
foundation of a new generation of biomaterials which called biodegradable or 
bioabsorbable material. Recently, these types of biomaterials, that dissolve within the 
body and produce bioabsorbable products after a complete healing process, have 
attracted a great attention in different fields of medical applications such as cardiac 
stents, orthopaedic and trauma surgeries (Brar et al. 2009; Song & Song 2007). Some 
polymers and natural polymers like poly-glycolic acid (PGA), poly-lactic acid (PLA) 
(Brar et al. 2009), collagen and chitin (Wen, C et al. 2004) as well as ceramics or 
bioactive glasses (Witte et al. 2008) have been developed as biodegradable materials. 
But their low strength, mechanical properties and brittleness particularly in load-
bearing applications as well as transparency to radiation draw attentions to metallic 
biodegradable materials to meet the required properties of the body (Brar et al. 2009).
In conclusion, biomaterials, especially those used for bone regeneration, should 
meet specified criteria, including biocompatibility, morphology and mechanical 
properties close to that of the repairing bone and biodegradability at a rate proportion 
to bone healing (Karageorgiou & Kaplan 2005). Magnesium and its alloys unlike other 
biomaterials such as stainless steel, titanium-, cobalt- and chromium-base materials 
can dissolve within body and its corrosion products are biologically absorbable and 
non-toxic (Song, Y et al. 2009). Niobium and Tantalum are also receiving increasing 
attention as appropriate metallic materials for orthopedic applications (Niinomi 2008;
Niinomi, Nakai & Hieda 2012).
2.3 Porous structures (foams) in biomedical applications
The first use of porous material backs to the end of 1960’s when the porous 
coatings used to improve the attachment of bone to the implants. The main purpose 
was to increase the friction between the surrounding tissues and implant thus providing 
the bone ingrowth into the pores for further stability. Recently, researches has shifted 
from coatings to metallic foams and now new materials and processes have been 
developed with higher performances such as better adhesion, stability and 
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biocompatibility, faster bone ingrowth and even lower cost (Lefebvre, Banhart & 
Dunand 2008).
The importance and requisites of porosity in bone reformation have been 
investigated and confirmed by many researchers. They have expressed superior bone 
formation, more active osteoblast-like cells, discontinuous bone ingrowth, enhanced 
proliferation and osseous integration, higher ion exchange and protein absorption for 
both porous implants and porous-coated implants due to porous structure, thicker 
porous coatings, enhanced roughness and larger surface area (Chang, YS et al. 1998;
D'Lima et al. 1998; Karageorgiou & Kaplan 2005; Shapira et al. 2009). Osteoblasts 
and mesenchymal cells as well as blood vessels can migrate and proliferate into the 
pores to form bone tissue not only on the surface but also inside these implants. 
Moreover, bone ingrowth interlocks the porous surface of foams to the surrounding 
natural bone, leading to improved integration and superior mechanical consistency at 
the interface (Gu, XN et al. 2010; Wen, C et al. 2004).
Kuboki et al. (Kuboki et al. 1998) implanted a solid and porous hydroxyapatite 
ceramics in a rat and observed that no bone formation on the solid but on the porous 
one. Also, various porous coatings have been used and been compared with non-
porous coatings (Bondre et al. 2000; Lewandrowski et al. 1999). Svehla et al. (Svehla 
et al. 2000) reported that, porous coated titanium alloy implants reveal greater 
mechanical fixation and shear strength than non-porous implants. Simon and co-
workers investigated the response of bone formation pattern to scaffolds architecture 
and observed that, bone formation pursue the morphology of scaffolds. Therefore, it is 
possible to design implants with modified surfaces and consequently improved filling 
time by osseous tissue (Simon et al. 2003). Moreover, greater and deeper bone tissue
growth have been reported in both implants and coatings with higher porosity (Dutta 
Roy et al. 2003; Kujala et al. 2003; Lewandrowski et al. 2000).
Different porous materials are used in human body. Ceramics, include of 
crystalline ceramics and amorphous glasses and glass-ceramics (hydroxyapatite and 
silica/calcium phosphate scaffolds), metals (stainless steel and titanium), natural 
polymers (benzyl ester, Silk fibroin), synthetic polymers (poly(D,L-lactide), 
poly(lactide-co-glycolide) and composites (hydroxyapatite/chitosan-gelatin, 
hydroxyapatite/poly(e-caprolactone), calcium phosphate coated titanium) are 
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examples of porous materials in biomaterial applications. However, ceramics and 
polymers are hardly often applicable in orthopaedic and load bearing applications due 
to their poor mechanical properties. For instance, the modulus of polymers is lower 
than bone tissue and ceramics are brittle. Recruitment of metal foams such as stainless 
steel, titanium and magnesium foams are also feasible for bone implants due to 
particular characteristics of porous structures. The main advantage of metallic porous 
implants, than other porous materials, which makes them attractive in bone surgical 
applications, is their great mechanical strength. Metallic foams with higher 
compressive strength and Young’s modulus are more qualified than non-metallic 
porous implants especially in the field of load bearing applications (Zhuang, Han & 
Feng 2008).
The application of porous titanium and titanium alloys is attracting great 
attention in orthopaedic and dental devices due to their appropriate mechanical 
properties and biocompatibility. The bone ingrowth into porous Ti6Al4V alloy 
implanted in a goat lumbar spine has been evaluated by Li et al. (Li, JP et al. 2007).
The in vivo results show that increase in porosity and pore size of porous Ti alloy 
implant improves osteoconductive properties. Hara and co-workers (Hara et al. 2016)
implanted porous Ti6Al4V alloy into the distal femur of rabbits. They observed that, 
the porous implant with pore size lower than 800 μm can provide mechanically stable 
surface for implant fixation with appropriate biological activity. Therefore, such 
porous implants can be utilized particularly for load bearing applications such 
as acetabular cups. Ti/CaP composites have been synthesized through multimode 
microwave heating in air and their biocompatibility in vitro and mechanical properties 
have been investigated. The results show that, compressive strength and modulus of 
composites with porosity of 26% and pore size of 70-152 μm are close to that of human 
cortical bone. Moreover, such porous composites facilitate the formation of apatite 
proposing them as potential candidates for bone substitutes (Choy et al. 2015).
Magnesium foams have been recently considered as potential material for bone
tissue engineering due to close modulus and strength to that of bone and before-
mentioned proper bio-properties (Karageorgiou & Kaplan 2005; Wen, C et al. 2003,
2004). The porous pure magnesium has revealed higher corrosion resistance and 
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slower decay of mechanical strength than compact pure magnesium in simulated body 
fluid (SBF) at 37 °C (Gu, XN et al. 2010).
Moreover, Mg foams have the potential to serve as a basis for drug delivery 
(Aghion et al. 2010). Open-cell porous Mg with a porosity of 72-75% and pore size of 
10-PZHUHȖ-sterilized and implanted into the distal femur condyle of rabbits to 
investigate the biocompatibility of Mg foam with regard to the inflammatory host 
response. No serious gas cavities due to slowly corroding magnesium were observed 
and even slowly produced hydrogen gas diffused into the surrounding tissues (Witte,
Ulrich, et al. 2007). Open-cell porous Mg alloy scaffolds with a porosity of 75% and 
pore size of 500 μm were fabricated by Lietaert et al. (Lietaert et al. 2013). A hydrogen 
evolution test of samples for 24 h in simulated body fluid (SBF) at 37 °C represented 
a 3.2 to 67% weight loss of porous Mg samples, which is too high for biomedical 
applications. The weight loss for MZX211 was even higher. The Young’s moduli of 
porous Mg samples with a porosity of 75% varied from 0.6 to 0.8 GPa while their flow 
stress was in the range of 0.6 to 3.3 MPa. It has been indicated that the M2 Mg alloy 
is more suitable than other investigated alloys for orthopedic applications by virtue of 
its higher mechanical properties before and after 24 h immersion in SBF (Lietaert et 
al. 2013).
Table 2.4 Mechanical properties of various porous materials and bone tissue 
(Zhuang, Han & Feng 2008).
Porous 
materials
Porosity
(%)
Pore size
(μm)
Flexure (F) and 
compressive 
(C) strength
(MPa)
Modulus
(GPa)
Porous 
magnesium
36-55 200-400 14.1-27 (F),
15-31 (C)
3.6-18.1
Porous 
polymers
58-80 ~300 12.4-56.2 (F),
2.7-11 (C)
0.05-1.2
Porous HA 50-77 200-400 2.1-7.2 (F),
1.2-17.4 (C)
0.12-7
Porous 
composite
Bioglass 
(20-50 wt) 
PLLA
77-80 ~100 ~0.42 (F),
1.5-3.9 (C)
0.14-0.26
Naturale 
bone
- - 1.8-150 (F),
2-180 (C)
0.1-20
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Magnesium alloy porous structures such as ZWM200, ZXM200 and ZM20 with 
different porous characteristics have been produced and investigated for biomedical 
applications. The highest porosity achieved was 69% for ZWM200 and the lowest 
porosity was 30% for ZWM200 and ZXM200. The highest yield strength of the porous 
ZWM200 alloy obtained was 12.15 MPa for 30% porosity. The yield strength 
decreased to 2.31 MPa with an increase in porosity to 69% for this alloy. The yield 
strength of the other tested Mg alloys varied from ~3.5 to ~9 MPa with the change of 
porosity and the alloy composition. For instance, the yield strength of ZXM200 with 
44% porosity (8.66 MPa) is 2.5 orders of magnitude greater than that of ZM20 (3.48 
MPa) with the same porosity (Trinidad et al. 2014). Porous pure Mg samples with 
porosities of 50, 60 and 70% and coated with hydroxyapatite (HA) were investigated 
for bio-corrosion in simulated body fluid (SBF) at 37 °C. The highest and lowest 
compressive strength measured for the porous samples were 30 MPa and 7 MPa for 
porosities of 50% and 70%, respectively. Average Young’s modulus for the porous 
samples was reported as 0.23, 0.33 and 0.49 GPa for porosities of 70, 60 and 50%, 
respectively. HA coating showed no serious effect on the mechanical properties of 
porous samples but it affected the bio-degradation rate due to pH changes in the SBF 
(Kang et al. 2013). Porous Mg with a porosity of 51% and pipe-like shape pores with 
a diameter of 270 μm, has been fabricated by Jiang and co-workers (Jiang, G & He 
2014). They reported that, yield strength of porous samples is reduced from 6.2 MPa 
to 4.3 MPa by increase in porosity from 43.5% to 54.2% which is comparable to those 
of cancellous bone. 
From mechanical properties point of view, the highest Young’s modulus and 
compression strength reported for pure Mg foam fabricated via the space holder-based 
powder metallurgy (SHPM) method, with the highest porosity of 55% (pore size: 200-
400 μm), is stated as 3.6 GPa and 15 MPa, respectively (Zhuang, Han & Feng 2008).
Other researchers also have reported on the mechanical properties of pure Mg and Mg-
alloy foams, but since these properties depend on several parameters, such as the size 
and shape of pores, porosity, the shape and size of the initial Mg powder, as well as 
the compacting method and the pressure and sintering parameters, the exact 
comparison of these data is not be feasible. It can be concluded that, Mg foams are 
promising new biomaterials that can be used as implant material. However, more and 
superior experiments and research are necessary to determine the structural 
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(geometrical and dimensional characteristics) and mechanical properties of Mg foams, 
as well as their biocompatibility and biodegradability in vivo and in vitro.
2.4 Magnesium and Mg alloys for medical applications
The application of magnesium as implant material backs to 1878, when it was 
used as a ligature. In the early 20th century, magnesium was investigated by researchers 
for different applications such as blood vessels and nerve suture and anastomoses. 
Finally, the fully bio-compatibility and bio-degradability of magnesium-based 
implants were stated by Borodkin et al. in 1972 (Borodkin et al. 1972; McBride 1938;
Witte, Fischer, Nellesen & Beckmann 2006).
Recently, not only different biodegradable magnesium alloys but also various 
forms of these alloys are widely supposed to be used as biodegradable materials due 
to broad range of properties. In addition to degradability, their good mechanical 
properties, excellent biocompatibilities and the similarity of properties of Mg/Mg 
alloys to that of the bone tissue are also suitable in the field of biodegradable metallic 
materials  (Gu, XN et al. 2014; Li et al. 2012; Müller, WD et al. 2007; Witte, Fischer, 
Nellesen & Beckmann 2006; Zhou, Y et al. 2013).
2.4.1 Structure, physical and mechanical properties of Mg/Mg alloys
Magnesium has a hexagonal close packed (hcp) crystal structure. Melting point 
of magnesium is 650°C (HandbookVol2 1990). Table 2.5 represents some physical, 
mechanical and thermal properties of pure magnesium.
Magnesium and its alloys are classified as lightweight metals with density 
ranging from 1.74 to 2.0 g/cm3 which is 2.5 times less than Ti alloys and 4.5 times less 
than steel, and close to that of human bones (1.8-2.1 g/cm3). Mg has higher strength 
than polymeric implants such as DL-PLA, greater fracture toughness and ductility in 
comparison to ceramic biomaterials like hydroxyapatite, and their elastic modulus as 
well as compressive yield strength are closer to that of bone in comparison to other 
metallic implants such as traditional Ti6Al4V. Table 2.6 represents some physical and 
mechanical properties of magnesium and some Mg alloys as well as natural bone and 
various metallic biomaterials (Gu, X-N & Zheng 2010; Staiger, MP et al. 2006; Witte, 
Fischer, Nellesen & Beckmann 2006).
16
CHAPTER TWO LITERATURE REVIEW
Table 2.5 Mechanical and thermal properties of pure magnesium (Avedesian & 
Baker 1999; HandbookVol2 1990).
Material
Hardness
(HB)
Ultimate 
Tensile 
Strength, 
(MPa)
Yield 
Tensile 
Strength, 
(MPa)
Elongatio
n at Break
(%)
Coefficient of 
Friction
Coefficient of 
Thermal 
Expansion 
@RT
(μm/m.°C)
Pure 
Magnesium
1.8–2.0 165-205 69-105 5-8 0.36 26.1
Table 2.6 Physical and mechanical properties of Mg/Mg alloys and various implants 
(Gu, X-N & Zheng 2010; Staiger, MP et al. 2006).
Material
Density
(g/cm3)
Elastic 
modulus 
(GPa)
Compressive 
yield strength 
(MPa)
Fracture 
toughness 
(MPam1/2)
synthetic HA 3.05–3.15 70–120 100–900 0.7
Magnesium 1.74–2.0 41–45 65–100 15–40
AZ91D-die cast 1.81 45 160 –
AZ31-extruded 1.78 45 60–70 –
Ti6Al4V 4.43 114 970 74.6
Co–Cr alloy 8.3–9.2 230 450–1000 –
Stainless steel 7.9–8.1 189–05 170–310 50–200
The substantial and considerable issue in the case of mechanical properties of 
biomaterials is that the mechanical properties of biodegradable implants should match 
the mechanical property of tissue to reduce the problem of “stress shielding” which is 
important in metallic implants. Dissimilar mechanical properties of biomaterials and 
bone tissue lead to non-uniform stress transmission and actually absorption mostly by 
implant. This eventually causes the loosening of implant or fracture of bone after 
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removal of implant. Therefore, metallic biomaterials, like Mg/Mg alloys, with close 
mechanical properties to that of bone are required (Li et al. 2012; Niinomi, Nakai & 
Hieda 2012).
2.4.2 Bio-properties of magnesium
Mg/Mg alloys are remarkable metals used as metallic implants in human body, 
according to the unique bio-properties such as good biocompatibility, non-toxicity, 
proper and close physical and mechanical properties like density, modulus and yield 
strength to that of bone, biodegradability and so on. Mg alloys are also non-magnetic 
materials which is suitable for roentgenoscopy (Song, Y et al. 2009). Magnesium is 
one of the most crucial elements for human body and is essential to all living cells. 
Adult human body contains 21-35 gram magnesium and intakes 300 to 400 mg ܯ݃ଶା
daily, with 60% in bone tissue, 39% in muscles and 1% in serum (Figure 2.2). 
Magnesium is also a co-factor for many enzymes to assist in biochemical 
transformations and is a good stabilizer for the structure of DNA and RNA (Li, Y et 
al. 2010; Song, Y et al. 2009; Witte, Fischer, Nellesen & Beckmann 2006).
Biocompatibility is a considerable parameter in concept of biomaterial, because 
all the elements of implant will enter into the human body. The biocompatibility of 
magnesium has been approved according to lots of in vivo and in vitro results obtained 
by different researchers and so far no serious toxic reactions by too much magnesium 
have been reported. It is also very crucial to select nontoxic and quite biocompatible 
alloying elements or reinforcements for Mg-alloy or Mg-composite implants and if it 
is not possible to avoid them just use as low as possible and in acceptable amounts. 
Common materials are already essential elements for human body such as calcium 
(Ca), zinc (Zn) and manganese (Mn) or those which are effective for property of 
magnesium like silicon (Si), lithium (Li), aluminium (Al) and zirconium (Zr) have 
been employed. The biocompatibility of these elements are known, however the 
content of elements differs due to both required physical and mechanical properties as 
well as non-toxic properties. For instance, 1.5% Mn will increase the corrosion 
resistance and mechanical properties of magnesium and its daily releasing is 
acceptable. No obvious toxicity is found for up to 6% and 0.8% of Zn and Zr, 
respectively.
18
CHAPTER TWO LITERATURE REVIEW
Figure 2.2 Pathophysiology of Mg in human body (Witte, Fischer, Nellesen & 
Beckmann 2006).
Other alloying elements such as yttrium (Y) and rear earth are also considered 
to be effective alloying elements to improve the mechanical properties and corrosion 
resistance of magnesium. However, their toxicology is unclear and needs further 
investigation (Brar et al. 2009; Gu, X-N & Zheng 2010; Song & Song 2007; Wan, Y 
et al. 2008; Witte et al. 2008; Witte, Ulrich, et al. 2007). Recently, niobium and 
tantalum are used in medical applications such as surgical equipment, orthopaedic 
replacements, dental applications, nerve repairs and so on due to their good 
biocompatibility.
2.4.3 Porous Mg in biomedical applications
Porous Mg and Mg alloys can be used as bone substitutes with bone mimicking 
characteristics. Since the structure of bone tissue and porous Mg materials are similar, 
host bone cells can grow into the pores of Mg scaffolds and form new bone tissue. 
Moreover, the gradual biodegradation of porous Mg and Mg alloys after implantation, 
followed by the absorption of Mg ions in the body, eliminates the necessity of 
removing the implant via a subsequent surgical procedure, which makes Mg scaffolds 
more favorable than other porous metallic biomaterials.
2.4.3.1 Fabricating porous structures (foams) in biomedical applications
Different methods have been employed to prepare metallic foams. These 
methods can be classified into two categories of melt processing methods and solid 
processing techniques according to the state of materials that are being processed. The 
melt processing methods are based on an introducing a blowing agent into the molten 
metal followed by stirring, or infiltration of a bed of hollow spheres, or introducing of 
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a gas or even a vacuum into Mg melt prior to solidification. However, in the solid 
processing methods, Mg powders, chips or even strips are mixed with blowing agents 
or space holder particles to produce gas bubbles, or to be removed at low temperatures 
to create the pores, respectively. A sintering at higher temperatures is followed to 
assure the bonding of metal particles (Banhart, J. 2000; Banhart, John 2001; Davies & 
Zhen 1983; Guden et al. 2004). However, compared to aluminium and titanium, only 
limited methods can be used to produce magnesium foam due to high reactivity of this 
element. Moreover, for biomedical purpose, proper technique should be utilized to 
produce foams without any contaminations and residues, not to impair the 
biocompatibility of synthesized foams (Gu, XN et al. 2010; Wen et al. 2001). Some 
methods are inefficient, while others are sensitive to working parameters. Some routes 
are not capable of producing foams with the desirable medical properties, and others 
produce foams that do qualify mechanically or have some residuals that limit their 
medical applications. 
Novel technological advances have led to increased accessibility of production 
processes and consequently a wide range of porous Mg and Mg alloys can be 
developed. Open- and closed-cell structures of Mg/Mg alloy foams with various 
physical and mechanical properties can be achieved, which establishes them for 
various and wide-ranging applications. Such applications, which include biomedical 
implants, as well as current production processes, are being investigated regarding 
higher quality, further reliability, and better reproducibility, as well as the 
predictability of properties. “Higher quality and reliability” for the biomedical 
application of porous Mg-based materials, refers to the homogeneity of morphology 
and structure, the proximity of mechanical properties to that of surrounding living 
tissues, and the suitability of surface morphology. Biocompatibility and appropriate 
biodegradability, which consists of both biocompatibility of residual products and 
excreted compounds as well as an appropriate degradability rate, also influence the 
mechanical and cell proliferation properties of Mg foams and should be considered 
charily. Moreover, cost reduction is a crucial issue that needs to be considered, it can 
be achieved by utilizing cheaper materials, by reducing scraps, and by omitting some 
of the manufacturing steps. However, it should be noted that all these must also be 
compatible with the bio-strategies and bio-properties of the produced cellular Mg 
materials.
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Introduced methods in the field of magnesium foams are as follows: high 
pressure casting method (Körner et al. 2004), metal/gas eutectic solidification 
procedure (Gu, XN et al. 2010), melt foaming method with a blowing agent (Yang, 
Hur & Yang 2008), infiltration process (Davies & Zhen 1983; Kirkland, Nicholas T. 
et al. 2009; Staiger et al. 2010; Yamada et al. 1999, 2000), powder metallurgy (P/M) 
based on blowing agent or space holder materials (Hao, Han & Li 2009; Hao, GL et 
al. 2007; Hao, Xu & Han 2012; Wolff et al. 2011), hot extrusion followed by 
compressive torsion process (Mehara, Kobashi & Kanetake 2007), diffusion-bonding 
and hot-rolling processes (Kikuchi et al. 2005) and negative salt-pattern method 
(Witte, Ulrich, et al. 2007).
Figure 2.3 The morphology of Mg/Mg alloy foams fabricated through different 
methods. a) AZ31 by melt processing method with ܥܽܥܱଷ as blowing agent (Xia et 
al. 2013), b) AZ91D by infiltration process (Witte, Ulrich, et al. 2007), c) pure Mg 
by titanium wire as space holder (Jiang, G & He 2014), d) pure Mg by melt-gas 
eutectic solidification process (Liu, XH, Liu & Xie 2012), e) AZ91 by melt/vacuum 
solidification foaming method (Renger & Kaufmann 2005), f) pure Mg by space 
holder based powder metallurgy process (Hao, Han & Li 2009).
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Through melt foaming with blowing agent (MBA), melt-gas eutectic 
solidification (GASAR), melt vacuum solidification foaming (MVS) and blowing 
agent based powder metallurgy (BAPM) processes various porosities and pore sizes 
can be achieved. However, pores are closed and some gases or blowing agent residues 
remain inside the porous structure, which is not accepted from biocompatibility point 
of view. The Mg melt that is used in melt foaming methods is prone to ignition, so 
special protective gases such as ܥܱଶ, ܵܨ଺ and ܣݎ are needed to prevent oxidation. 
Furthermore, some processes, such as stabilizing, foaming and dispersing, are 
employed in such methods. Thus, they are very sensitive to working parameters such 
as melt temperature, foaming time and temperature, as well as stirring time and 
velocity. This causes the foam procedure be too complicated and susceptible. The 
increase in temperature in both foaming and stirring steps influences the porosity, pore 
size and pore structure, and therefore promotes oxidation of the Mg as well. In GASAR 
processed- as well as vacuum solidified-Mg foams, residual materials such as ܪଶ gas 
and oxides, respectively, are limiting factors for medical applications. Moreover, it is 
difficult to control the pore properties. The pressure of hydrogen or the amount of 
oxide precursors can be increased to increase the porosity but tiny cracks due to gas 
pressure have been detected near the pores in TEM observations. The melt vacuum 
solidification foaming process is a cost effective technique for pore sizes larger than 
4-5 mm. However, control of the process for small pore sizes is difficult (Banhart, J. 
2000; Hoshiyama, Ikeda & Nakajima 2007; Hur & Zhao 2012; Hyun, Suzuki & 
Nakajima 2008; Koizumi et al. 2011; Lefebvre, Banhart & Dunand 2008; Liu, Y, Li 
& Zhang 2004; Neu et al. 2012; Park, C & Nutt 1998; Renger & Kaufmann 2005; Seo 
et al. 2008; Shapovalov 1994; Wan, J, Li & Liu 2007; Xia et al. 2013; Yang, Hur & 
Yang 2008; Yang et al. 2010).
Other methods such as melt infiltration in a preform (MIP), space holder based 
powder metallurgy (SHPM) and mechanical perforation (MP) processes are more 
reliable for biomedical applications, due to the open cellular structures that can be 
achieved using these methods. Moreover, such processes are more controllable and 
adjustable than former methods. These processes will allow superior control over 
parameters and features of porous structures, such as pore geometry, shape, size and 
distribution. It is possible to imitate the structure of the preform with minor errors 
using MIP method. Little information is available regarding the MIP method and, so 
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far few materials such as polyurethane, epoxy foam and rapid prototyped polymer as 
preform, and NaCl as spacer have been used with pure Mg and AZ91 Mg alloy. 
Although other water-based solutions, such as NaOH and NaF, have been used to wash 
and remove the NaCl, the corrosive effect of water, which is commonly used as a 
solvent in these solutions, should be considered. The investigation of other solutions 
with lower corrosive effects seems to show them to be effective. The limited size of 
fabricated Mg foams is the main restriction of the MIP process, and this is related to 
limited penetration of Mg melt in the preform. Infiltration of NaCl and molten Mg 
under vacuum, using an inert gas or a low pressure die casting system, have been 
carried out so far to overcome this issue. However, there is an optimum infiltration 
pressure for both steps. The melt cannot infiltrate the pores of either polymer or the 
NaCl preform at low pressure. High pressure also results in some dimensional changes 
in the preforms. Therefore optimum tolerances should be considered, which means 
limited pore sizes and porosities are achievable. Moreover, the infiltration pressure of 
molten Mg increases the surface roughness of the Mg foam, which consequently 
influences the maturation of the osteoblast cells. Furthermore, the SHPM and MIP 
methods are not environmentally clean because of the space holder or polymer removal 
stage.
The SHPM, fiber sintering (FS) and MIP processes are more efficient and easier 
than the MP process. In the SHPM process, pore size and distribution can be controlled 
by manipulating the shape and size of the space holder material, as well as by changing 
the process parameters, such as compacting pressure, sintering temperature and time. 
The SHPM and MIP methods are suitable for producing complex architectures where 
other manufacturing processes are too costly and time-consuming. Fabrication of a 
controlled-cell structure with a required cell wall thickness, porosities of more than 
90% and desirable mechanical properties is feasible by using a periodic-architecture 
preform via the MIP route. However, there are still some problems. For instance, 
SHPM processed-foams, with in low porosities, have more residue in the matrix. From 
a biological perspective, residual material generated from the space holder or by 
removing the polymer is inappropriate. Mg powders are explosive hazards and have 
to be protected under ܣݎ atmosphere to prevent oxidation. Powder metallurgy methods 
have a lower risk than melt foaming methods due to working in solid state. In other 
words, the ability to work in the solid state, which is crucial for active molten metals 
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such as Mg would be one of the most important and beneficial aspects of PM methods 
(Aghion et al. 2010; ýDSHN	9RMWČFK; ýDSHN	9RMWČFK; Hao, Han & Li 
2009; Hao, Xu & Han 2012; Kanahashi et al. 2001; Tan, L. et al. 2009; Wen et al. 
2001; Wen et al. 2000; Wen, C et al. 2003, 2004; Wen, C et al. 2000; Yamada et al. 
1999, 2000; Zhou et al. 2011; Zhuang, Han & Feng 2008).
Compared to other processes, powder metallurgy method can be considered as 
one of the most adequate and promising techniques to prepare magnesium and 
magnesium alloy foams due to following advantages (ýDSHN 	 9RMWČFK ;
Henriques et al. 2008):
x Flexibility in alloy choice
x The equipment that is used for working with Mg powders, such as ball 
milling, mixing, pressing and extrusion are more economic because of 
working at low temperatures
x Uniform grain structure and higher homogeneity can be obtained
x The ability of adding ceramics and fibres to produce porous composite 
structures
x The ability to work in the solid state, which is crucial for active molten 
metals like magnesium
x The pore size and distribution can be controlled by manipulating the shape 
and size of main powders as well as space holder material and by changing 
the process parameters such as compacting pressure, sintering temperature 
and time
2.4.3.2 Space Holder based Powder Metallurgy (SHPM) process
In this method, pure Mg or Mg alloy powder is mixed with a foaming agent. The 
mixture is pressed and heated at moderate temperatures to produce the foam structure. 
Then, a sintering process at elevated temperatures is carried out, so a strong foam
structure can be achieved. The foaming agent in this process is spacer material and 
foaming stage is the removal of the space holder material from the Mg matrix, which 
creates hollow spaces between Mg particles prior to joining. Heat treatment process is
then used to join the Mg powders and obtain a suitable strength. 
24
CHAPTER TWO LITERATURE REVIEW
Wen et al. (Wen et al. 2001) fabricated open cellular Mg foam with a pore size 
in the range of 200-600 μm by using ammonium hydrogen carbonate particles or 
carbamide particles as space holder materials with the same range of size. The 
researchers measured the compressive strength and Young’s modulus as 2.33 MPa and 
0.35 GPa, respectively, for 50% porosity. Wen et al. (Wen, C et al. 2003, 2004) also 
utilized different carbamide particle sizes, i.e. 45–100; 100–200; 200–300; 300–500
μm to fabricate various pore sizes (73, 168, 251, 412 μm) and range of porosities (35 
to 55%) of Mg foams. Specimens with a porosity of 35% (pore size ~250 μm) revealed 
a high Young’s modulus of 1.8 GPa and a high peak stress of 17 MPa, whereas 
specimens with a porosity of 45% (pore size ~73 μm) showed a Young’s modulus of 
1.3 GPa and a high peak stress of 16 MPa. Moreover, they showed that the number of 
isolated pores, which are not interconnected, as well as the Young’s modulus of Mg 
foams decreases with increasing porosity and pore size. In terms of residual materials 
through the production process, they reported that no nitrogen but very little carbon 
was observed on the cell wall surfaces, which means that Mg and carbamide reacted 
during the sintering and further investigation is needed for the bio properties of the 
residual materials. 
Carbamide particles with a size range of 200-400 μm were also used by Zhuang 
and co-workers (Zhuang, Han & Feng 2008). Open-cellular magnesium foams with a 
pore size and porosities range 200-400 μm and 36-55%, respectively, were fabricated. 
Isolated micro-porosities were also observed within the wall of macro-pores. They 
mentioned that the compressive strength and the Young’s modulus of foams increase 
from 15 MPa to 100 MPa and 3.6 GPa to 44 GPa, respectively by decreasing the 
porosity from 55% to 0. They also investigated the effect of porosity on biodegradation 
of specimens in physiological saline solution (PSS, 0.9% NaCl solution) after 144 hr. 
They observed that the weight loss of the specimens with a porosity of 55% and 36% 
is 60% and 15%, respectively. Moreover, the degradation rate of specimens with 
porosity of 55% is more than specimens with a porosity of 36% due to more connecting 
areas that facilitate the transportation of the solution and accelerates the rate of 
chemical reactions. 
Aghion and co-workers (Aghion et al. 2010) employed a powder metallurgy 
process to fabricate Mg alloy foam as a biodegradable drug delivery platform. They 
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milled Mg alloy powder, mixed with ammonium hydrogen carbonate and pressed at 
pressure of 100 MPa. The green compact was heated under a low vacuum (0.1 Torr) 
to enable the evaporation of the space holder and then sintered at a temperature range 
between 450 to 630 °C under high vacuum (10-5 Torr). They produced Mg foams with 
10 and 25% porosity with an average pore size of 40 and 140 μm, respectively. Hao 
et. al. (Hao et al. 2007) fabricated high-damping-capacity porous AZ91 magnesium 
alloy through powder metallurgy technique by adding copper (Cu) particles, as 
reinforcement, to AZ91 alloy powder. They mixed Mg and Cu powders with a size of 
50 and 4 μm, respectively and then carbamide particles with a size of 1.25 mm were 
added. The mixture was compacted under 300 MPa pressure for 2 min. The green 
compact was put in ܰ ܽܪܥܱଷ water solution to remove the majority of the space holder
materials and then heated at 250 °C for 3 h and sintered at 610 °C for 2.5 h. They stated 
that, the produced samples with a porosity of 40 to 80% and different pore size have a 
higher damping capacity in comparison with a porous AZ91 alloy with the same 
porosity and pore size but unreinforced. Porous Mg/Alumina composites (with 
porosity of 10 to 38% and pore size of 25 to 100 μm) have also been fabricated by Cay 
and co-workers (Cay, Xu & Li 2013). Results show that, the yield strength of porous 
composites are higher than that of both cast bulk Mg and porous pure Mg with the 
same porosity and pore size.
Finally, it should be noted that, although the porosity is useful in implants for 
bone ingrowth, two serious issues threaten the application of metallic foam implants 
in bone repairs. Pores decrease the mechanical strength of the implant, especially when 
the implant corrosion starts in body fluid. Secondly, in the field of non-biodegradable 
materials, low degradation rate results in post-surgery requirement to remove the 
implant after healing which increases both cost and morbidity. So, the increase of 
mechanical properties of foams and recruitment of biodegradable metallic materials 
seem to be useful and considerable.
High-energy mechanical milling of powders, as a preliminary process to powder 
metallurgy technique for powder preparation, has been investigated and properties 
obtained through this process has aroused numerous studies. The possibility to obtain 
materials with unique physical, chemical and mechanical properties in large 
proportion, with simple and low cost equipment and in a short time has grown the 
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interests for mechanical milling technique. Moreover, nanocrystalline metals obtained 
through mechanical milling have shown improved mechanical and physical properties. 
Therefore this process can be utilized to synthesis various materials such as 
biomaterials, superplastic materials, hydrogen storage materials and tribologic 
materials. Especially, this approach can improve the mechanical properties and 
corrosion resistance of Mg powder-based materials (Grosjean et al. 2004; Hwang, 
Nishimura & McCormick 2001; Soni 1998; Zidoune et al. 2004).
Mechanical milling is a technique for production of homogeneous mixture of 
powders from elemental powder materials. This technique was established by John 
Benjamin and his colleagues around 1966 to produce a nickel-base superalloy. They 
fabricated composite powder particles using a mixture of elemental and master alloy 
powders through a high energy milling process (Suryanarayana 2001).
The process of mechanical milling starts with mixing of powders and loading 
the mixture into the milling vial along with the grinding medium. The mixture is milled 
for a desired period of time until the required composition or particle size is reached. 
The milled powder is then consolidated into green compact and sintered through 
powder metallurgy process to provide desired microstructure and properties. During 
mechanical milling process, milling vial, grinding medium and powder particles rotate 
at a controlled speed. When two grinding medium (usually steel balls) collide, some 
amount of powder is trapped between them (Figure 2.4). The force of impact deforms 
the entrapped particles resulting in work hardening and fracture. The new fractured 
surfaces are welded together due to continuous rotation and collision between grinding 
medium and particles. Therefore, repeated flattening, cold welding, fracturing and re-
welding of particles are carried out during mechanical milling process, resulting in 
development of a broad range of particle sizes and specific layered structure in 
composite particles. After milling for a certain period of time, a balance is achieved 
between the rate of welding and the rate of fracturing which provides narrow particles 
size distribution. At this stage, each particle, includes of all starting elements, reaches 
saturation hardness due to heavy deformations. Strain energy is accumulated and 
various crystal defects, such as vacancies, dislocations, stacking faults and enhanced 
number of grain boundaries are introduced into the particles (HandbookVol7 1998;
Suryanarayana 2001).
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Characteristics of starting materials and initial particle size as well as specific 
equipment used for mechanical milling and operating parameters vary from material 
to material and are different for various required structures and characteristics. Wide 
range of commercially available powders such as pure metals, master alloys and pre-
alloyed powders can be used for mechanical milling operation. The initial powder 
particle size is not crucially critical, just should be smaller than the grinding ball size. 
Various types of high energy milling machines such as SPEX mills, planetary ball 
mills and attritor mills are used for milling operation differ mainly in capacity, speed 
of operation, efficiency and additional equipment for cooling, heating, etc.
In planetary ball mills -used in current research- vials are arranged on a rotating 
support disk and a special drive mechanism causes the vials to rotate around their own 
axes as well resembling a planet-like movement. The centrifugal force produced by 
rotation of vials and support disk in opposite directions causes the grinding balls run 
down the inside wall of the vial (friction effect) and ground powder and grinding balls 
travel freely through the vial and collide against the opposing inside wall (impact 
effect), leading to grind powder (Suryanarayana 2001).
Figure 2.4 Collision of powder particles with grinding balls during mechanical 
milling (Suryanarayana 2001).
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Figure 2.5 Schematic representing the ball motion inside the vial in a planetary ball 
mill (Suryanarayana 2001).
Other variables in mechanical milling operation are milling vial material, milling 
speed, milling time, type, size, and size distribution of grinding ball, ball-to-powder 
weight ratio, extent of filling the vial, milling atmosphere, temperature of milling and 
process control agent which should be seriously controlled to achieve a desired product 
and/or microstructure. Note that, these parameters are not completely independent. For 
instance, the optimum milling time depends on the type of milling operator, size of 
grinding balls, temperature of milling process, ball-to-powder weight ratio and etc. 
The material used for milling vial is crucial since some material of the vial are 
separated and mixed with powder material due to collision of grinding ball with inner 
wall of the vial, resulting in powder contamination. Hardened steel, hardened 
chromium steel, tool steel, tempered steel, stainless steel, WC-Co and bearing steel are 
the most common types of materials utilized for vials as well as for grinding balls. The 
size of grinding medium influences the efficiency and final constitution of the powder. 
The grinding balls are coated at the early stages of milling, preventing excessive wear 
of the grinding medium and reduces the contamination of the powder. However, the 
yield of powder is reduced and it is also difficult to detach this powder coating. The 
higher the milling speed does not necessarily introduce higher energy into the powders. 
There are limitations to the maximum speed of milling and depends on the design of 
the mill and temperature of the vial. The time of milling -the most important 
parameter- depends on the above mentioned parameters varying for powder systems. 
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The increase in milling time increases the contamination and forms undesirable phases
in powders, so milling of powders longer than required duration should be avoided. 
Ball-to-powder weight ratio, varying from 1:1 to 220:1, represents the number of 
collisions per unit time and effects on the milling time. The higher ball-to-powder ratio 
transfers more energy and heat to powders and provides the equilibrium phases. The 
atmosphere where milling operation is carried out affects the contamination and nature 
of powders and final phase, respectively. Argon (Ar) is the most common ambient 
used to prevent contamination of powders. Process control agents, employed as 
lubricant, are added to powder mixture during milling operation to minimize cold 
welding between powder particles as well as powders to vial and grinding mediums 
especially for ductile powders such as magnesium. The nature and amount of material 
used as process control agent determine the final size, shape and purity of particles as 
well as yield of powder. There is no universal process control agent. Various materials 
such as stearic acid, hexane, methanol, and ethanol are used depending on the cold 
welding characteristics, amount and chemical stability of the powder is being milled 
(Azabou, Khitouni & Kolsi 2009; El-Eskandarany 2001; Frazier & Koczak 1987;
Gilman & Benjamin 1983; Hosseini-Gourajoubi et al. 2015; Nazari, Nouri & Hilditch 
2015a, 2015b; Nouri & Wen 2014; Suryanarayana 1994, 1995; Suryanarayana et al. 
1999).
Mechanical milling of magnesium and magnesium alloys or composites to 
achieve specific characteristics and structures has been carried out and investigations 
are continuously conducting by various researchers. Homogeneous biodegradable Mg-
Zn alloy was fabricated through mechanical milling followed by compaction and 
sintering. So, the hardness of investigated alloy enhanced as a result of strain-hardened 
or cold-worked alloy particles by 10 h milling without any amorphous phase formation 
or contamination. Refinement of the alloy particles by increase in milling speed 
improves the compressibility of powder particles and reduces the porosity. However, 
increase in ball-to-powder weight ratio decreases the density and hardness of Mg alloy 
samples. Milling of soft and ductile Mg with high ball-to-powder weight ratio 
generates excessive heat and increases the cold welding resulting in the formation of 
flaky particles and deterioration of densification of powders and increase in porosity 
(Salleh et al. 2015). Biodegradable Mg–Zn–Ca based amorphous alloys synthesized 
by mechanical milling process by Datta et al. (Datta et al. 2011). They introduced the 
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mechanical milling as an effective technique for processing highly reactive Mg and Ca 
to obtain fine homogeneous nanocomposites with excellent mechanical and biological 
properties as well as more corrosion resistant.
Mg composites reinforced with graphene nanoplates and silicon carbides 
nanoparticles have been fabricated using mechanical milling and spark plasma 
sintering. Full densification was obtained for all composites. However, microhardness 
of composites containing less than 2% was higher than pure Mg (Das & Harimkar 
2014). Mechanically milled Mg composites reinforced with alumina particles also 
produced by Kawamori et al. (Kawamori et al. 2012). Appropriate dispersion of 
alumina particles in Mg matrix as well as higher hardness and tensile strength than 
pure Mg was reported. Magnesium composites with hybrid reinforcements (titanium 
particulates and nanoscale alumina particles) synthesized by Sankaranarayanan and 
co-workers (Sankaranarayanan, S., Jayalakshmi & Gupta 2011). The reinforcements 
were added whether directly or through mechanical milling. Improvement in strength 
with minimal variation in ductility was observed for the ball milled-composites. 
However, directly addition of reinforcements in Mg matrix improves the strength 
properties while the ductility decreases. 
Hosseini et al. (Hosseini-Gourajoubi et al. 2015) fabricated Mg-Ni-Y catalyst 
using mechanical alloying to overcome difficulties such as Mg vaporization and 
oxidation associated with vacuum melting methods. Mechanical milling was 
employed to fabricate nanocrystalline ܯ݃ଶܵ݅ thermoelectric materials due to its ability 
to work in solid state and produce bulk quantities of materials in room temperature 
using simple equipment in a short time. They expressed that, the crystallite size of 
materials is decreased with ball milling time (Ioannou et al. 2012). Refinement 
behaviour of Mg powders were investigated by Yoo et al. (Yoo et al. 2014) using 
mechanical milling process. They reported that, the morphology of particles changes 
from spherical to irregular oval and plate type by increase in milling time. The 
refinement is also maximized by increase in grinding ball size leading to improve the 
fluidity and apparent density.
Significant improvement in hydriding kinetics at low temperatures as well as 
hydriding/dehydriding cycle stability has been reported in ball milled Mg-C
composites (Stoyadinova et al. 2015). Numerous studies have approved that, 
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mechanical milling process can improve the hydrogen storage of Mg alloys and 
composites (Hu et al. 2008; Huot, Liang & Schulz 2001; Sankaranarayanan, S., 
Jayalakshmi & Gupta 2011; Wu et al. 2014).
Corrosion resistance improvement also can be obtained through mechanical 
milling process. Better corrosion resistance of magnesium electrodes prepared by high 
energy mechanical milling for 10 h than unmilled magnesium in alkaline aqueous 
solutions was reported by Zidoune et al. (Zidoune et al. 2004). Enhanced surface 
defects, dislocations and grain boundaries obtained through mechanical milling 
increase the nucleation cites for magnesium hydroxide (ܯ݃(ܱܪ)ଶ) film; resulting in 
rapid formation of protective passive layer. Moreover, uniformly distribution of 
defects in the microstructure prevents localized chloride enrichment and subsequent 
acidification, improving corrosion performance of milled materials. This also has been 
reported by Grosjean and co-workers (Grosjean et al. 2004). However, corrosion 
resistance of mechanically milled pure Mg was reduced in 0.8% NaCl solution as 
reported by Kim et al. (Kim, KR et al. 2014). The formation of unstable protective film 
after immersion in corrosive solution as well as fine grain size and increased grain 
boundary densities leading to enhanced surface reactivity are the dominant factors 
deteriorating corrosion properties of their mechanically-milled-magnesium material.
2.4.4 Reinforcing of magnesium
As mentioned before, magnesium with low density, elastic modulus in the range 
of bone tissue, proper biocompatibility and biodegradability is an excellent choice for 
bone implant applications. Moreover, it is possible to make magnesium foam through 
different processes which, in contrast to bulk implants, results in significant integrity 
with natural tissue. However, the use of Mg-alloy implants in critical load bearing 
applications is restricted due to intrinsic limited strength of magnesium and limited 
strength originates from porous structure. These limitations can be overcome by 
producing magnesium composites thorough utilizing high strength reinforcement 
particles (Lloyd 1994).
The tensile strength, elastic modulus and yield strength of magnesium 
composites can be improved by introduction of different materials such as mica, 
zircon, graphite, alumina, silicon carbide, titanium, copper, steel or carbon nanotube 
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as well as different type of reinforcements such as springs, rods and particles (Lloyd 
1994; Sankaranarayanan, S., Jayalakshmi & Gupta 2011; Shanthi et al. 2012). In 
particle-reinforced magnesium alloys, various materials made of ceramics (nitrides, 
carbides and oxides) and metals (Zr, Nb, Cu and Ti) with different shapes range from 
needle- and flake-like, solid and spherical and size of 1 to 60 μm have been reported 
(Moll & Kainer 2002). Dieringa and Kainer (Dieringa & Kainer 2012) stated that, in 
addition to material and type, the size and amount of reinforcement also influence the 
mechanical properties of composite. They also mentioned that, “The reinforcement of 
magnesium alloys with very small ceramic particles or carbon nanotubes offers a wider 
range of property modulation, compared to the micro-sized ones”. They believe that, 
the strength is barely affected by larger particles due to Orowan strengthening 
mechanism.
The influence of particle reinforcements on mechanical properties can be 
considered based on four mechanisms (Moll & Kainer 2002):
x The interaction between particles and dislocations
x The reduction and fixation of grain size
x The increase of dislocation density and thermal stresses
x The elongation behaviour differences
Grain refinement and improvement of microhardness, tensile and compressive 
properties of Mg matrix reinforced by hybrid reinforcement, consist of 5.6% Ti and 
2.5% nano-scale alumina (n-Al2O3) particles, have been expressed 
(Sankaranarayanan, S., Jayalakshmi & Gupta 2011). The yield strength and Young’s 
modulus of AZ91/15%SiC composite increases about 40 MPa and 20 GPa,
respectively, and ductility decreases in comparison to non-reinforced alloy. Other 
researchers have considered the effect of different content of SiC particles on 
AZ91/SiC composites made by various methods and reported that the yield strength, 
Young’s modulus and tensile strength increase while ductility and elongation is 
decreased. 
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Figure 2.6 The mechanical properties of ZE41/12%SiC composite (Moll & Kainer 
2002).
Other Mg alloys such as AS, ZM, ZC and ZE series reinforced with different 
particles have been tested and proved the increase of yield strength and Young’s 
modulus and reduction of maximum strength as well as elongation due to the 
reinforcement. Figure 2.6 represents the mechanical properties of ZE41/12%SiC 
composite (Dieringa & Kainer 2012; Moll & Kainer 2002; Mordike, Kainer & 
Schroder 1990; Zulkoffli, Syarif & Sajuri 2009).
Shen et al. (Shen et al. 2013, 2014) reinforced AZ31B alloy with three volume 
fractions of SiC particles (SiCp) (~ 0.5 μm) and found out that the yield strength (YS) 
and ultimate tensile strength (UTS) increase with increasing volume fraction from 3 to 
10 vol.% SiCp. They also used bimodal size SiCp (micron and nano) and reported that 
YS and UTS of reinforced AZ31B alloy increase more in comparison to single size 
SiCp reinforced Mg alloy. The increase of strength and hardness of Mg reinforced with 
SiC nanoparticles has also been approved by Sun and co-workers (Sun et al. 2012).
Chua et al. used different sizes of SiCp to reinforce Mg alloy and reported that, YS 
and UTS increase with decreasing the size of SiC particles from 50 to 15 μm (Chua, 
Lu & Lai 1999). The effect of particle size and volume fraction of SiC reinforcements 
in AZ91 magnesium matrix has also been considered simultaneously. For submicron 
SiCp, lower volume fraction of particles (2%) increases the mechanical properties of 
composite more than higher volume fractions (5 and 10%) due to agglomeration of 
submicron particles in higher volume fractions. In contrast, for micron SiC particles, 
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higher volume fraction of particles results in higher strength and grain refinement 
(Deng et al. 2012).
One of the most crucial issues in particle-reinforced-composites is the resistance
of particles as reinforcement against the material as matrix. Low resistance 
reinforcements and longer contact duration, especially in melting metallurgy methods, 
result in significant chemical reaction and formation of various products such as brittle 
intermetallic compounds and magnesium oxide which destroy the properties of 
composite. Thus, high melting point metals such as Ti, Cu, Zr, Nb and Ta represent 
suitable reinforcement materials (Moll & Kainer 2002).
Magnesium matrix reinforced with Ti particles by Kondoh and co-workers. They 
stated that, tensile strength and yield stress of composite are improved by addition 
about 3% Ti particles (Kondoh et al. 2009). Umeda et al. (Umeda et al. 2010)
reinforced magnesium matrix with Ti particles by using atomized pure Mg powders 
followed an extrusion process. They observed that, tensile strength and elongation are 
improved in comparison to non-reinforced extruded pure Mg samples. Moreover, the 
YS enhances by increasing the content of Ti particles from 3 to 5%. Magnesium matrix 
reinforced with micron-size copper (50 μm) and nano-size alumina (50 nm) 
particulates shows an improvement in hardness as well as 0.2% YS and UTS compared 
to non-reinforced Mg matrix. The increase of volume percent of copper leads to 
increase of YS and UTS (Nguyen, Tun & Gupta 2012). Hur and Zhao (Hur & Zhao 
2012) stated that, Vickers hardness of AZ91 magnesium alloy increases from 48.3 to 
81.8 HV by increasing Zr amount from 0 to 3%. Damping capacity of porous AZ91 
magnesium alloy increases with addition of copper particles as reinforcement. Also, 
the more volume fraction of copper particles the more increase of damping capacity 
has been reported (Hao et al. 2007).
The reinforcement of magnesium foams also has been done by rods and springs. 
Plorin and co-workers (Plorin et al. 2010) inserted steel and titanium tensile rod and 
spring in MgZnଷ foam (Figure 2.7) and observed that, the compressive stress increases 
slightly than non-reinforced alloy foam. Moreover, the maximum transmitted torque 
of reinforced foam can be increased by 50%.
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Niobium also has been used as reinforcement in Mg matrix due to complete 
immiscibility with magnesium and high corrosion resistance. What separate the 
niobium from other metallic reinforcements and actually qualify it for medical 
applications and coordinate (harmonize) it with magnesium is, its biocompatibility and 
biodegradability. There is only one report about the effect of Nb as reinforcement on 
the properties of bulk magnesium. Shanthi and co-workers expressed that, hardness, 
0.2% yield strength as well as UTS are improved by addition of Nb particulates up to 
10% to magnesium matrix using melt deposition technique. However, the ductility 
increases just up to 5% Nb. Thus, the optimum composition with suitable proportion 
of strength and ductility was reported for Mg-5%Nb composite (Shanthi et al. 2012).
Figure 2.7 Reinforced MgZn3 foam with tensile rod and spring (Plorin et al. 2010).
Figure 2.8 Mg-Nb phase diagram (Massalski et al. 1986).
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Magnesium also can be reinforced with tantalum. This element can be 
considered as a good reinforcement due to its higher mechanical properties than 
magnesium and also its decent biocompatibility and biodegradability. There are a few 
reports about reinforcing bulk magnesium with tantalum. For instance, Ahmad and 
Barranco used continuous tantalum filaments in magnesium matrix and reported that, 
YS, tensile strength and elastic modulus of Mg/Taf composites increase linearly with 
increasing the volume fraction of Ta filaments (Ahmad & Barranco 1973). They also 
observed that, the elongation of composite increases with increase of volume fraction 
which results in the improvement of ductility.
Although different materials can be utilized as reinforcement in magnesium, the 
choice of reinforcement is dictated by several factors such as production methods, 
application and cost. For instance, for structural applications which the modulus, 
strength and density is important, high modulus and low density reinforcement is 
required and for biomaterial applications, biocompatible reinforcements should be 
used. In the field of manufacturing techniques, generally, there are two main methods: 
(1) powder metallurgy process and (2) molten metal methods including semisolid 
casting, pressure or pressure-less infiltration, spray deposition and XD™ processes (in 
situ particle production). The manufacturing method depends on reinforcement 
materials, size and morphology, matrix material and cost. The powder metallurgy 
(P/M) was the first method developed due to the lack of wetting of particles by molten 
metal matrix. In P/M method, the metal powder is mixed with reinforcement, cold or 
hot pressed and then solid state sintered. The following are some advantages of the 
powder metallurgy method for particle reinforced composites (Lloyd 1994; Mordike, 
Kainer & Schroder 1990):
x Any alloy can be used as the matrix.
x It is possible to use any type of reinforcement due to minimum reaction 
of matrix and reinforcement in solid state sintering.
x High volume fractions of reinforcement can be used to maximise the 
modulus.
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Characteristics and biomedical application of niobium. Niobium (Nb) is
in the period group VA and is a shiny, grey, soft and transition metal. It is
ductile and has a high melting point and high corrosion resistance but not
as much as tantalum. Niobium has a body-centred cubic structure (Nowak & Ziolek 
1999).
Schroeder and Balassa analysed tissues of humans, animals and
vegetable foods and found niobium in nearly all of them in the range of
0.5 to 3.0 μg/g fresh weight. For example, they found 320 ng/g niobium in
fresh banana and 5 μg/ml of drinking water. In human body, niobium can be
found in blood, bone, marrow and spleen (Dulka 1976). Table 2.9 represents
naturally occurring levels of Nb in the typical human tissues (Underwood 1956).
Other researchers also analyzed 245 samples of human dental enamel and
found that the range of Nb is 0.0-1.0 μg/g with a mean 0.17 μg/g. A daily
KXPDQ LQWDNH RI   J (Underwood 1956) and a total mass of 1.5 mg of
Nb in an average 70 kg human (Barbalace 1995-2013) has been reported.
Li and co-workers (Li et al. 2010) assessed the cytotoxicity of Nb
powder, using osteoblast-like ܱܵܽܵଶ cells, and stated that, the safe
ion concentration for Nb is 172.0 μg/l below which the extract of Nb powder is non-
toxic. 
Table 2.7 Physical properties of niobium (Barbalace 1995-2013).
Hardness 
Vickers 
(MN/m2)
Density
(g/cm3)
Melting 
point
(°C)
Coefficient of 
expansion,
near RT,
ȝPPā.
Levels in 
humans
1320 8.57 2477 12.8
Blood: 0.005 
mg/dm3
Bone: <0.07 
ppm
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Table 2.8 Mechanical properties of niobium (Barbalace 1995-2013).
Elongation 
at break
(%)
Modulus of 
elasticity
(GPa)
Yield 
strength
(MPa)
Tensile 
strength
(Mpa)
 104.9  
Table 2.9 The concentration of niobium in human tissues (μg/gram fresh weight) 
(Underwood 1956).
Blood Kidney Liver Lung Lymph nodes Muscle 
Bone
(μg/ gram of ash)
0.004
± 0.0005
0.01
± 0.004
0.004
± 0.009
0.02
± 0.0001
0.06
± 0.007
0.03
± 0.008
<0.07
Some research have been done on niobium and its effects on human body in vivo 
and in vitro. Numerous good results have approved the good biological properties of 
niobium in human body. However, its bioactivity and some physical properties as a 
biomaterial have not extensively considered and need more investigations (Niinomi, 
Nakai & Hieda 2012).
Some of the recent investigations are as follows: As mentioned before, low 
elastic modulus is one of the most important requirements for implants used to replace 
or interact with bone. Godley and co-workers mentioned that, low modulus chemical 
WUHDWHGȕ-Ti-45% Nb alloy is bioactive. They also used the same chemical treatment 
for pure Nb implant and observed that a ܥܽܲ layer can form upon the implant. This 
ܥܽܲ layer is similar to deposited mineral, forms during the formation of living bone 
and leads to a good bonding of implant to the surrounding bone (Godley, Starosvetsky 
& Gotman 2004).
From metal release point of view, researches have shown that, Ti alloys 
containing Nb, Ta and Zr release less Ti than common Ti-6Al-4V alloy. Okazaki and 
Gotoh expressed that, NbଶOହ, TaଶOହ and ZrOଶ, which are the resultants of Nb, Ta and 
Zr addition to Ti alloy (Ti–15Zr–4Nb–4Ta), stable the ܱܶ݅ଶ passive film and postpone 
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the corrosion of titanium in different simulated body solutions. They also reported that, 
the sum of the Nb, Ta and Zr elements released in Ti-15Zr-4Nb-4Ta alloy is lower 
than that of (Al+V) or (Al+Nb)  released in common Ti-6Al-4V or Ti-6Al-7Nb alloys, 
respectively (Okazaki & Gotoh 2005).
The significant improvement of biological performance of Nb-containing Ti 
alloys such as Ti-6Al-7Nb and Ti–25Ta–25Nb than traditional Ti alloy implants (like 
Ti-6Al-4V) has been highly supported by different researchers. Shapira et al. reported 
that, the highest levels of alkaline phosphatase activity, transforming growth factor and 
osteocalcin are observed for Ti–6Al–7Nb disks in comparison to Ti–6Al–4V samples. 
In other words, osteoblast-like cells can mature more rapidly on Nb-containing alloys
(Shapira et al. 2009; Wang, J et al. 2012). The improvement of cell viability and bone-
bonding characteristics of Zr-Nb alloys with increasing of Nb content has been 
reported by Akahori and co-workers (Akahori et al. 2011).
Although niobium is not harmful and in vivo and in vitro results approve its good 
biological properties, taking too much of this element and its compounds may be toxic. 
Of course, apart from measuring its concentration, no comprehensive research on 
niobium in human has been undertaken. Moreover, there are no reports of human being 
poisoned by niobium and studies have demonstrated niobium toxicity just in laboratory 
animals. High levels of Nb results in laboratory animals’ fatality if repeatedly injected 
(Lenntech 1998-2013; Sarantinos 1999-2013). Niobium interactions in the body may 
affect cell mitochondria, liver, heart, and kidneys and lethargy, muscle weakness and 
glycosuria would be the symptoms of excessive niobium exposure (Bishop 2007-
2013).
From mechanical property points of view, the porous Ti-Nb-Zr alloy scaffold 
represented higher strength and great ductility than unalloyed Ti scaffold (Wang et al. 
2009). Various Young’s modulus has been reported for different Nb contents of Ti-
XNb-10Ta-5Zr alloy (x=0, 10, 15, 20, 25, 30, 35 and 40%). The greatest (108 GPa) 
and lowest (66.9 GPa) Young’s modulus belongs to Ti-10Ta-5Zr and Ti-30Nb-10Ta-
5Zr, respectively. However, Ti-XNb-10Ta-5Zr alloys (x=10, 15, 25, 35 and 40 mass%) 
show greater Young’s modulus than Ti-30Nb-10Ta-5Zr and also represent lower 
Young’s modulus than Ti-20Nb-10Ta-5Zr alloy (Sakaguchi, Mitsuo, et al. 2004;
Sakaguchi et al. 2003).
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Characteristics and biomedical application of tantalum. Tantalum (Ta) is in 
the period group VA same as niobium and is a lustrous transition metal. Both Nb and 
Ta are hard to distinguish due to their similar chemical properties. Tantalum is rare, 
hard and grey silver and has a high corrosion resistance and melting point. It has two 
crystalline phases, alpha and beta, which are ductile and brittle, respectively. Bulk Ta 
is almost alpha phase with body-centred cubic structure. Table 2.10 summarises some 
properties of Ta (HandbookVol2 1990; Lee, SL et al. 2004).
The elastic modulus of tantalum is higher than that of magnesium and its 
coefficient of friction against bone is also high. Great fracture toughness, malleability 
and ductility are other attractive properties of this element. Moreover, tantalum has a 
good corrosion resistance in body fluids, so does not irritate body tissues and is 
compatible with MRI and X-Ray. Its suitable biological properties lead to recruitment 
in prosthetic devices as well as surgical staples and implants such as joints and cranial 
plates (HandbookVol2 1990; Miyazaki et al. 2001; Sagomonyants et al. 2011).
Tantalum has exhibited good biocompatibility in both forms of powder and bulk in 
osteoblast-like ܱܵܽܵଶ cells (Li et al. 2010). Daily intake of this element by human 
body is 1 μg and total mass of tantalum in an average 70 kg human body is 0.2 mg 
(Barbalace 1995-2013).
Table 2.10 Physical and mechanical properties of commercially pure Ta, P/M at 
20°C (HandbookVol2 1990).
Hardness 
Vickers 
(MN/m2)
Density 
(g/cm3)
Melting point 
(°C)
Tensile strength 
(MPa)
873 16.6 3000 310
Yield strength
(MPa)
Elongation
(%)
Modulus of 
elasticity
(GPa)
Levels in humans
220 30 185
Blood: N/A 
mg/dm3
Bone: 0.03 ppm
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Recently, porous tantalum implants have been developed to manufacture the 
component of hip and knee replacements and as Maccauro et al. reported, spine 
surgery is the most recent application of these implants (Maccauro et al. 2009; Wang, 
N et al. 2012). Nakashima et al. (Nakashima et al. 2013) have stated that porous 
tantalum provides better fixation properties than titanium, hydroxyapatite and fibrous 
tissue. They expressed that, the elastic modulus of porous tantalum (3 GPa) is close to 
that of bone tissue (0.1 to 2 GPa) and the friction coefficient of this material against 
cancellous bone is higher than other porous biomaterials like porous titanium. 
Moreover, they believe that, the similarity of porous properties such as size, shape and 
geometry in porous tantalum and cancellous bone leads to proper bone infiltration and 
firm attachment. Good performance of porous tantalum, especially for old female 
patients suffering from severe bone defects, has been stated (Paganias et al. 2012).
Porous tantalum increases the cell proliferation 4 to 6 times more than titanium fibre 
mesh, for younger and older patients, respectively, and 12 to 16 times more than plastic 
implants (Sagomonyants et al. 2011). Fast new bone formation and adhesion on porous 
tantalum implants has been reported for both in vivo and in vitro (Tang et al. 2013).
Sakaguchi and co-workers reported that, Ti-25Nb-10Ta-5Zr exhibits greatest 
elongation. Also the greatest (85.2 GPa) and lowest (~65 GPa) Young’s modulus were 
observed for Ti-30Nb-5Zr and Ti-30Nb-10Ta-5Zr, respectively. The Young’s 
modulus of the alloys with Ta content of 5, 15 and 20 mass% was greater. They also 
have reported that, tensile strength and elongation of Ti alloys are changed with 
changing Nb and Ta contents and Ti-30Nb-10Ta alloy is suitable for biomedical 
purposes due to low elastic modulus and great elongation (Sakaguchi, Mitsuo, et al. 
2004; Sakaguchi et al. 2003; Sakaguchi, Niinomi, et al. 2004).
There is very little data on the toxicity of tantalum in standard toxicological 
information sources which probably means that this element and its compounds are 
relatively innocuous (Kerwien 1996). Toxicity of tantalum is low due to its poor 
solubility. Implantation of this metal has not shown any toxic reaction. Tantalum gauze 
has been used in the repair of hernias for 10 years and they have not shown any harmful 
reactions. However, some allergic responses to tantalum have been reported. For 
instance, some chronic urticarial has been observed 10 months after tantalum 
implantation in human. Another urticarial response has been described by intradermal 
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testing with tantalum. Antihistamines treatment did not improve it, but disulfiram 
chelation therapy had substantial effect and finally the urticaria was removed after 
surgical removal of tantalum staples. Pain, headache, inflammation and erosion of 
tissues surrounding the implant after 10-15 years of tantalum implantation have been 
reported. “There are no reports of accumulation of tantalum in tissues or existence of 
any homeostatic excretory mechanism for Ta” (NLM 2003-2013). However, Ta has 
been used and acknowledged for 50 years in a wide range of clinical applications as a 
decent bio-inert material (Harling 2002).
2.5 Corrosion resistance of magnesium
The standard electrode potential of magnesium is -2.375 V which represents a 
low corrosion resistance. When magnesium exposed to air a thin layer of magnesium 
hydroxide forms on the surface and protect it from further reactions. Magnesium 
hydroxide is slightly soluble in water but highly in saline media. The magnesium 
hydroxide reacts with chloride ions and form highly soluble magnesium chloride when 
the chloride ions concentration exceeding 30 mmol/l. This chemical reaction results in 
corrosion attack of magnesium implants in the human body, in which the chloride ions 
level is about 150 mmol/l. Fast corrosion rate of magnesium in physiologic 
environment is actually the origin of biodegradability and provided them as a new and 
suitable biodegradable implant material (Witte, Fischer, Nellesen & Beckmann 2006).
The corrosion reactions of magnesium have been summarized in the following 
reactions (Song & Atrens 2003; Witte et al. 2008).
ܯ݃(ݏ) + 2ܪଶܱ ՜  ܯ݃(ܱܪ)ଶ(ݏ) +  ܪଶ(݃) Equation 2.1
ܯ݃(ݏ) + 2ܥ݈ି(ܽݍ)  ՜  ܯ݃ܥ݈ଶ Equation 2.2
ܯ݃(ܱܪ)ଶ(ݏ) + 2ܥ݈ି  ՜  ܯ݃ܥ݈ଶ(ݏ) Equation 2.3
From the standpoint of corrosion, the vital performance for degradable 
magnesium implants is corrosion rate or degradation rate or weight loss of biomaterial 
in the human body environment. The corrosion rate is considerable from two points of 
view, firstly consistent with the healing period of tissue, which is desired, and secondly 
the loss of mechanical properties during degradation, which is inappropriate and is the 
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most serious limitation for orthopaedic applications (Gu, X-N & Zheng 2010; Staiger, 
MP et al. 2006).
Corrosion evaluation of Mg and its alloys in biological environments shows that 
dissolution rate of these metals is dependent on various parameters such as alloy 
composition (Gao et al. 2008), corrosive characteristics of the environment (Müller, 
WD et al. 2007), structure (Gu, XN et al. 2010), surface and surface coating 
specifications (Chu 2013; Zhang, Y et al. 2011; Zhou, W, Shen & Aung 2010) and 
production methods (Akca 2011). Müller and co-workers stated that, chloride ions in 
SBF increase the metal dissolution of AZ31 and LAE 442 alloys and phosphate ions 
as well as proteins like albumin hinder this process (Müller, WD et al. 2007). Gu et al. 
(Gu, XN et al. 2010) compare the weight loss of compact pure Mg and porous pure 
Mg samples and observed that, after 250 h of immersion period in SBF at 37 °C, the 
compact pure Mg lost nearly 60% weight whereas the porous pure Mg lost about 10% 
weight (Figure 2.9). The corrosion rate of as-cast and heat treated samples of AZ91D 
magnesium alloy has been shown in Figure 2.10 by Zhou et al. (Zhou, W, Shen & 
Aung 2010).
Kirkland and co-workers (Kirkland, N. T. et al. 2010) presented an extensive 
survey of weight loss results for a range of Mg alloys (Figure 2.11). The mass changes 
of pure Mg, Mg-Zn-Zr and Mg-Zn-Zr-Y in simulated body fluid at 37 °C were 
measured by Gao et al. to be 0.9%, 1.7% and 3.1%, respectively (Gao et al. 2008).
Figure 2.9 Weight loss of SBF incubated compact and porous pure Mg (Gu, XN et 
al. 2010).
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Figure 2.10 Corrosion rates for as-cast and heat-treated AZ91D samples in SBF for 
(a) 8hr and (b) 168 hr (Zhou, W, Shen & Aung 2010).
Figure 2.11 Experimentally determined corrosion rates of Mg alloys. Testing was 
carried out at 37 °C in Minimum Essential Medium (MEM) (Kirkland, N. T. et al. 
2010).
According to the fact that, it takes 3-4 months to new bone be formed and its 
most original strength be restored, the orthopaedic magnesium implants should 
maintain their mechanical strength for at least 3 months, otherwise second fracture 
occurs. Therefore, either the intrinsic mechanical strength of magnesium implant 
should be high enough to bear the loads even after partial degradation or the corrosion 
rate should be controlled to balance the magnesium implant degradation and bone 
tissue growth.  In other words, the degradation rate of implant or its mechanical 
strength, from one hand, and restoration of mechanical integrity of bone, on the other 
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hand, must be synchronous and consequently not lead to second fracture of bone tissue 
(Gu, X-N & Zheng 2010).
Inherent mechanical strength of Mg/Mg alloy implants can be improved through 
different methods such as addition of alloying elements like aluminium, silicon, tin, 
zinc and zirconium to produce Mg alloy (Gu et al. 2009; Li, Y et al. 2010; Xu et al. 
2007), heat treatment (González et al. 2012; Zhang et al. 2011), production processes 
(Wang, Estrin & Zúberová 2008) and particle reinforcing of Mg alloys and composite 
fabrication (Moll & Kainer 2002; Razavi, Fathi & Meratian 2010; Zulkoffli, Syarif & 
Sajuri 2009). Another effort to improve the mechanical properties of magnesium 
implants would be the improvement of corrosion rate.
There are several possibilities to tailor the corrosion rate of magnesium implants 
by using alloying elements, optimizing production processes, improving the structure 
and even applying protective coatings which all have to be non-toxic and 
biocompatible (Gu, X-N & Zheng 2010; Hornberger, Virtanen & Boccaccini 2012;
Salahshoor & Guo 2012; Staiger, MP et al. 2006). Surface modification approaches 
are feasible to improve the corrosion performance of Mg implants. Generally, 
hydroxyapatite and other calcium-phosphate coatings decrease the corrosion rate of 
Mg alloys. Furthermore, applying ܯ݃ܨଶ coatings and biodegradable polymers on Mg 
alloys are applicable (Virtanen 2011). Gu et al. (Gu, XN et al. 2010) reported that 
porous structure is a viable alternative to common bulk structure for higher corrosion 
resistance. They stated that, lotus-type porous pure Mg indicates higher corrosion 
resistance than that of bulk pure Mg in simulated body fluid. Moreover, the 
compressive yield strength of porous Mg decays slower than compact Mg in longer 
exposure times in SBF. Numerous alloying elements such as cadmium, calcium, 
aluminium, manganese, silver, zirconium, silicon, zinc, yttrium, neodymium, cerium, 
dysprosium, lithium, lanthanum, and praseodymium in various magnesium alloys have 
been investigated both in vivo and in vitro. For instance, yttrium decreases the 
corrosion rate of Mg alloys (Li, Y et al. 2010), cerium modifies the microstructure of 
AZ91 and thus improves its corrosion performance (Heilig et al. 2010).
Niobium and tantalum as a biocompatible and biodegradable material can also 
be used to improve both strength and corrosion resistance of magnesium. It has been 
reported that, Nb film can improve the corrosion resistance of AZ91D magnesium 
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alloy (Liu, EB et al. 2012). Ardelean et al. (Ardelean et al. 2009) stated that, Nb+Zr-
based coating influences the corrosion behaviour of AZ91 magnesium alloy
through increasing of corrosion potential and decreasing of corrosion rate.
A new green coating, containing Nb, has been prepared on AZ91 alloys as well as a 
new anodizing treatment based on Nb containing solution. The corrosion
and anodic currents of the alloy decrease for both new coating and treatment.
The high stability of compounds containing oxide layers is attributed to
affirmative effects of new coatings containing Nb (Ardelean, Frateur & Marcus 2006).
The effect of Nb on corrosion performance of aluminium alloys has also been 
investigated. The weight loss of Al-3Mg alloy will be decreased due to addition of 
0.03% or 0.06% Nb in salt spray corrosion. In addition, the corrosion is more uniform 
in the alloy with Nb (Noe et al. 2008). The stress corrosion cracking resistance of Nb 
containing Al-Zn-Mg-Cu-Zr alloy is better in comparison to the alloy without Nb 
(Zhang, Chen & Fang 2008). The prominent corrosion resistance of Ti-45Nb (Gostin 
et al. 2013) and Ti-6Al-7Nb (Rosalbino et al. 2010) in artificial body fluid due to 
formation of passive film has been reported. The positive effect of Nb on both 
corrosion resistance and strength of bulk metallic glasses has been confirmed by Qui 
and co-workers. They declared that, Nb increases the corrosion resistance of 
ܼݎ଺ହܾܺܰ௫ܥݑଵ଻.ହܰ݅ଵ଴ܣ݈଻.ହ in simulated body fluid by increasing the corrosion 
potential as well as pitting potential. Moreover, all metals in base system release less 
ion in Nb content alloy, which all attributed to rapid formation of passive and 
protective film in Nb content alloy (Qiu et al. 2005).
Wang et al. (Wang, Zeng, Wu, Yao & Lai 2007; Wang, Zeng, Wu, Yao & Li 
2007) reported that, the corrosion resistance of AZ31 magnesium alloy samples 
implanted with Ta ions was improved due to pre-oxidation layer. They stated that, 
higher doses of Ta ions exhibit more oxidation resistance. In Ti-Ta alloy, increasing 
of Ta content improves the corrosion resistance of the alloy in SBF. The more stability 
of ܶܽଶܱହ passive films as well as strengthening the ܱܶ݅ଶ films have been expressed 
as the main reasons (Zhou, YL et al. 2005). From metal release point of view, in Ti-
15Zr-4Nb-4Ta alloy the quantity of metals released in various SBFs is considerably 
lower in comparison to SUS316L stainless steel, Co-Cr-Mo casting alloy, 
commercially pure Ti grade 2, and Ti-6Al-4V alloys (Okazaki & Gotoh 2005).
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The researchers stated that not only the composition of alloying elements 
influences the degradation rate but also in some cases mechanical strength of the 
residue of degraded magnesium alloy might not be enough to stable the fractured 
organ. Hence, the corrosion resistance and therefore mechanical properties of 
magnesium based implants can be improved by appropriate alloying elements (Staiger, 
MP et al. 2006; Witte, Feyerabend, et al. 2007; Witte, Fischer, Nellesen, Crostack, et 
al. 2006; Witte, F et al. 2005; Xu et al. 2007). Also as Li et al. (Li, Gao & Wang 2004)
expressed that, some heat treatment processes and protective coatings such as alkali 
heat treatment -induces calcium phosphate at the surface of magnesium implant- could 
be effective to improve the corrosion resistance of 99.9% pure magnesium implant.
The development of clinically appropriate magnesium implants should be 
approved through in vivo tests including initially animal models and eventually 
humans. Several restrictive factors such as time, cost and more crucially the potential 
harm can cause to the experimental subjects inhibit the use of in vivo tests. Therefore, 
it is perceptible to substitute such difficult and discomforting tests with in vitro tests. 
Mg alloys can be examined using appropriate in vitro studies in advance to determine 
their compatibility and suitability for subsequent in vivo tests. Accordingly, further in 
vivo studies for materials with inappropriate in vitro test results can be avoided. It 
should be noted that, appropriate results concluded from in vitro tests does not 
necessarily approve proper biocompatibility of tested materials and strong correlation 
between in vitro and in vivo results has to be established. For instance, inappropriate 
test solution to surface area ratio and the lack of control of pH in vitro tests divert the 
results from actual in vivo results (Kirkland, N. T., Birbilis & Staiger 2012; Witte, F 
2010).
In vitro tests are classified into two main categories: (1) bio-corrosion resistance 
and (2) toxicity or interaction with biological organisms. The toxicity, in contrast to 
bio-corrosion tests, are almost determined in the presence of living cells. Corrosion of 
Mg and its alloys is a complex process, more complicated than other materials. There 
are different methods to characterize the bio-corrosion properties of Mg alloys. Each 
method has advantages and limitations; so the corrosion specifications require a 
combination of different techniques to be assessed. The corrosion tests are classified 
into polarized and unpolarized techniques. Unpolarized techniques are included of 
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mass loss test, hydrogen evolution measurements, pH monitoring and ion release 
technique while polarized tests are included of potentiodynamic polarization and 
electrochemical impedance spectroscopy (Kirkland, N. T., Birbilis & Staiger 2012;
Walker et al. 2014; Zeng, R. et al. 2008).
Mass loss (ML) measurements. Mass loss experiments can be carried out using 
a sample, corrosion medium and an accurate micro-balance. The sample is immersed 
in the corrosion medium for a specific time and then removed and washed with a 
cleaning solution such as dilute chromic acid. The resultant change in mass is 
measured. Mass loss is low cost and the simplest in vitro experiments and the results 
are typically accurate. It is easy to control the environment and perform other in vitro 
tests simultaneously with mass loss. However, this technique does not reveal the 
corrosion mechanisms and multiple replicates are required for accuracy (Ren, Huang, 
et al. 2007; Ren, Wang, et al. 2007; Yfantis et al. 2006; Zhang, S et al. 2010).
Hydrogen evolution (HE) test. According to Mg overall corrosion reaction in 
aqueous medium (Equation 2-1), the evolution of 1 mol of hydrogen gas is equivalent 
to dissolution of 1 mol (24.31 g) of magnesium. Thus, measuring the volume of 
evolved hydrogen gas can result in the mass loss measurement of the magnesium 
dissolved in corrosion medium (Makar & Kruger 1993; Song, G., Atrens & St John 
2001).
In HE test, a sample is immersed in a corrosion medium and an attached
funnel and burette is placed over the specimens to collect the evolved hydrogen
in the burette, as shown schematically in Figure 2.12. The evolved hydrogen volume 
is converted using ideal gas law to the standard temperature (0 °C) and
pressure (1 atm). The HE test is low cost and since ܪଶ evolution can be
problematic in vivo, its measurement is crucial. In HE test, in contrast to
ML test, the results are not affected by corrosion products and real-time
measurement of corrosion is also feasible. Therefore, corrosion rate of samples
can be obtained through HE test. However, little information about corrosion 
mechanisms can be achieved in HE tests. It is not possible to run polarization 
experiments simultaneously with HE test. 
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Figure 2.12 Schematic set-up for hydrogen gas evolution method (Song, G., Atrens 
& St John 2001).
It requires large number of considerations during setup and running of test which 
affect the results. It is also difficult to measure the evolved hydrogen in experiments 
with streaming solutions (Denkena, B. & Lucas 2007; Hort et al. 2010; Li, Z et al. 
2008; Song, Guangling 2007; Xin et al. 2007; Zberg, Uggowitzer & Löffler 2009;
Zhao, M-C et al. 2009).
pH monitoring. According to Equation 2-1, (ܱܪ)ି is released while Mg 
corrodes in aqueous solutions, resulting in increase of local surface pH as well as 
increase in the pH of the solution. Therefore, variation in solution pH represents the 
cathodic reaction of Mg corrosion and can be used to predict the overall corrosion rate 
of Mg. The pH monitoring is also low cost and simple to be performed. However, the 
primary requirement to calculate the corrosion rate of Mg through this method is the 
change of pH. The increase in pH during the test creates non-realistic environment for 
implants, significantly impacts the results (Kirkland, N. T., Birbilis & Staiger 2012;
Ng, Chiu & Cheng 2010; Zhao, M-C et al. 2008).
Ion release. The analysis of magnesium ions released from immersed samples 
into the corrosion solution can be considered as one of the practical methods for 
measuring the magnesium corrosion. In this technique, magnesium or magnesium 
alloys are immersed in the corrosion medium for a period of time. The ionic 
concentration of magnesium in corrosion solution is measured through various 
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methods such as colorimetric, flame atomic absorption or inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) techniques. The benefits of this method is 
that, the measurement of other ions like alloying components, calcium, phosphorous 
and oxygen is also feasible. The analysis of the corrosion over time is applicable by 
immersion of several samples in separated solutions, collecting them at regular 
intervals and measuring the ion concentration of each solution. This method provides 
some information on corrosion mechanisms. However, the condition of solution 
seriously affects the results. For instance, if the solution is not refreshed during the test 
time period, the pH is increased and further corrosion of samples is prevented due to 
protective hydroxide film formed on the surface of the sample, resulting in less ion 
released. The refreshment of the solution also can affect the concentration of ions in 
the solution. Furthermore, this technique is commonly accompanied by additional 
methods to obtain complementary and reliable results (Ding et al. 2015; Lu, P et al. 
2011; Ng, Chiu & Cheng 2010; Walker et al. 2014).
Potentiodynamic polarization (PDP). This test is one the most commonly used 
electrochemical methods for studying the in vitro corrosion properties of magnesium 
alloys. In PDP, a sample is immersed in solution while is contacting to working 
electrode and exposed to a voltage. When the sample was stabilized in electrolyte and 
reached a steady state potential, entitled as open circuit potential (OCP), the voltage is 
swept between the working and counter (inert material) electrodes at a controlled rate. 
The test starts with voltage values more negative than the OCP and continues to 
positive values. Therefore, corrosion potential (ܧ௖௢௥௥), corrosion current density 
(݅௖௢௥௥), relative anodic and cathodic reactions at a given point in time can be obtained 
through PDP experiment (Princeton Applied Research 2010; Rettig & Virtanen 2008;
Walker et al. 2014; Zheng, YF et al. 2010).
Sample preparation for this test is easy and straightforward. The test is quick and a 
single sample can be utilized as many times as required, just a simple re-polishing is 
necessary to remove and clean the corroded layer. This reduces the sample variances
commonly occurred in ML and HE methods. Cathodic and anodic reactions can be 
monitored and controlled quantitatively through PDP technique, providing crucial 
information for designing alloys with specific corrosion rates. Moreover, 
microstructural effects of multi-phase alloys on the corrosion characteristics of 
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materials can be obtained, i.e. the effect of individual phases to the overall corrosion 
mechanisms can be determined. However, this method require special equipment such 
as potentiostat and electrodes. Assumption of generalized corrosion is necessary for 
conversion of information to corrosion rate. This method is sensitive to experimental 
parameters such as scan rate and even small variations can cause large differences in 
obtained information(ASTM-G102–89 2004; Birbilis et al. 2009; Fekry & El-Sherif 
2009; Gandel et al. 2010; Hiromoto et al. 2008a, 2008b; Kirkland, N. T. et al. 2010;
Mueller, Lucia Nascimento & Lorenzo De Mele 2010; Müller, WD et al. 2007;
Simanjuntak et al. 2015; Song, G., Atrens & Dargusch 1998).
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2.6 Summary
Magnesium foams have been recently considered as potential material for bone 
tissue engineering due to particular properties and characteristics: Osteoblasts and 
mesenchymal cells as well as blood vessels can migrate and proliferate into the pores 
to form bone tissue not only on the surface but also inside the porous implants. Thus, 
bone ingrowth interlocks the porous surface of foams to the surrounding natural bone, 
leading to the improved integration and superior mechanical consistency. The 
mechanical properties of magnesium foams are remarkably higher than that of porous 
polymers and ceramics. On the other hand, the modulus and strength of Mg foams are 
less than other metallic foams and close to that of bone tissue, reducing the problem 
of “stress shielding”. Moreover, the biocompatibility of Mg has been approved 
according to lots of in vitro and in vivo experiments conducted by different 
researchers. Fast corrosion rate of Mg in physiologic environment, which is the origin 
of biodegradability, introduces it as a new and suitable biodegradable implant material.
The application of Mg alloy implants in critical load bearing applications is 
restricted due to limited strength originates from porous structure as well as fast 
degradation of Mg implants in physiologic environments. In other words, although the 
introducing porous structure into Mg implants is beneficial for bone ingrowth and 
improves the bone/implant integration, the mechanical properties of Mg porous 
implants are reduced. Dissolution of Mg, also leads to the loss of mechanical 
properties. Thus, accompaniment of porous structure and degradation results in further 
deterioration of mechanical properties. 
The improvement on mechanical properties of Mg porous implants seems to be 
essential to dominant the restrictions. These limitations can be overcome by utilising 
high strength reinforcement particles to produce magnesium composite. The tensile 
strength, elastic modulus and yield strength of magnesium composites can be 
improved by introduction of different material and types of reinforcements. However, 
the choice of reinforcement is dictated by several factors and the biocompatibility of 
reinforcements should be seriously attended.
In conclusion, the information and current status of the materials and methods have 
been reviewed in this chapter, particle reinforced composites can be introduced as 
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appropriate materials possessing high strength. A synthetic method including of 
powder metallurgy process accompanied by mechanical milling technique can be 
considered as promising fabrication method to produce porous Mg/Mg-composites, 
due to compliant features of such methods to work with highly reactive Mg material. 
Nb and Ta particles can be introduced as reinforcement material in porous Mg matrix 
to improve the mechanical properties as well as preserving the biocompatibility and 
biodegradability of porous Mg scaffolds. Therefore, developing porous Mg 
composites strengthened with Nb and Ta particle reinforcements through a reliable
synthetic method and optimizing the fabrication technique are considered as the main 
purposes of current study including the investigation of corrosion properties and in 
vitro characteristics of such Mg composites.
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3 Chapter 3 - Materials and methods
This chapter describes the raw materials, experimental methods, sample 
preparation, microstructure observation, corrosion evaluation and characterization 
procedures used in this thesis.
The Mg material as well as reinforcement elements were selected carefully. The 
bulk and foam samples were prepared through powder metallurgy (PM) process. 
Mechanical milling (MM) technique also was employed as a preliminary technique to 
powder metallurgy process for composite powder preparation.
The properties of Mg composites including microstructural characterizations, 
mechanical properties and corrosion behaviour were analysed. Optical and scanning 
electron microscope equipped with energy disperse X-ray spectroscopy, X-ray 
diffraction, surface energy analysis, micro-hardness, compression testing, hydrogen 
evolution, ion concentration and electrochemical measurements were utilized.
This project has been performed in three phases:
x Phase 1: selection of pure Mg powder type 2, optimization of mechanical 
milling, fabrication of bulk samples using milled and unmilled powders, 
fabrication of foam samples using milled powders, performing 
mechanical test on bulks and foams and corrosion test on bulks.
x Phase 2: preparation of Mg-Nb and Mg-Ta powder mixtures through 
manual mixing or mechanical milling, fabrication of composite bulk 
samples using milled and unmilled powders, fabrication of composite 
foam samples using milled powders, performing mechanical test on 
composite bulks and foams and corrosion test on composite bulks.
x Phase 3: selection of pure Mg powder with various particle sizes, 
fabrication of bulk samples using unmilled powders, performing 
mechanical and corrosion tests on bulks.
An overview of materials and experimental methodology used in this thesis 
is summarized in Figure 3.1.
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Figure 3.1 An overview of material and experimental methodology.
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3.1 Materials and fabrication procedures
3.1.1 Initial Mg, Nb and Ta powders
Commercially available Mg powders with purity of DQGWKUHHGLIIHUHQW
ranges of particle size, i.e. type 1: 300-325 mesh (45-50 μm), type 2: 100-150 mesh 
(100-150 μm) and type 3: 40-50 mesh (350-420 μm) were used as starting
matrix material (Parameet Co. ltd., South Korea). Commercially available
1E SRZGHUV ZLWK SXULW\ RI   DQG SDUWLFOH VL]H of   P DQG
FRPPHUFLDOO\ DYDLODEOH 7D SRZGHUV ZLWK SXULW\ RI   DQG SDUWLFOH VL]H
RI   P ZHUH XVHG DV VWDUWLQJ UHLQIRUFHPHQW PDWHULDOV $WODQWLF (TXLSPHQW
Engineers, USA).
3.1.2 Optimization of mechanical milling process
To obtain the optimum parameters for mechanical milling, Mg powder type 2 
(particle size range of 100-150 μm) was selected as test material. The mechanical 
milling was performed with a planetary ball mill PM 400-Retsch under protective 
argon gas atmosphere using flat bottom stainless steel containers (10 cm diameter, 6.5 
cm height) and 9.3 mm steel balls (Figure 3.2). The ball-to-powder weight ratio was 
maintained at 20:1 and the ball milling was carried out at rotation speed of 200 rpm 
with a total of 10 g powder at each session of milling.
According to preliminary tests, 9 h milling time was selected as preliminary test 
condition. Various amounts of stearic acid (ܥଵ଼ܪଷ଺ܱଶ) i.e. 0.1, 0.3 and 0.5% was used 
as surfactant. The powder yield (weight fraction of powder collected from the milling 
vials (Nouri & Wen 2014)) was measured and 0.5% stearic acid was selected as the 
optimum amount of surfactant. Then, 3, 9, 18, 21, 24 and 30 h milling times were 
utilized to obtain the optimum milling time. Microstructural observations, X-ray 
photoelectron spectroscopy (XPS) analysis, crystallite size and compressive analysis 
were carried out (will be discussed in Chapters 4 and 5). Finally, 9 h milling time was 
selected as optimum milling time. Figure 3.3 shows the overview of materials and 
experiments used for optimization of mechanical milling process.
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Figure 3.2 Planetary ball mill PM 400-Retsch and stainless steel containers with 9.3 
mm steel balls.
Figure 3.3 An overview of materials and experiments used for optimization of 
mechanical milling process.
58
CHAPTER THREE MATERIALS AND METHODS
3.1.3 Preparation of pure Mg, Mg-Nb and Mg-Ta mixture powders
Mg and Nb or Ta powders were mixed in different portions to investigate the 
effect of reinforcement content on mechanical properties and corrosion characteristics 
of Mg composites. Nb or Ta powders were weighed, using an analytical balance with 
a precision of 0.001, according to the predetermined stoichiometric compositions. 
Nominated ratios of Nb and Ta powders used in this study were: 2, 5, 10, 20 and 30 
weight percent. Thus, Mg2, 5, 10, 20, 30Nb and Mg2, 5, 10, 20, 30Ta (%, hereafter) 
mixture powders were prepared. Pure Mg powder also was used as control material.  
Preparation of pure Mg as well as Mg mixture powders were carried out in two 
methods: manually and mechanically. 
1. Preparation of unmilled powders (manually)
In manual method, nominated ratios of Nb or Ta powders were mixed with Mg 
powder manually and then stirred by hand for 5 min in argon (Ar) glove box chamber 
to prevent atmospheric contamination. This group of materials are entitled here as 
“unmilled” powders.
2. Preparation of milled powders (mechanically)
In mechanical method, pure Mg or nominated ratios of Mg and Nb or Ta powders 
were mixed in mechanical milling machine, entitled here as “milled” powders.
The ball milling was performed in the planetary ball mill PM 400-Retsch under 
protective argon gas atmosphere with the same containers and steel balls (Figure 3.2)
mentioned formerly. The ball-to-powder weight ratio was maintained at 20:1 and the 
ball milling was carried out at rotation speed of 200 rpm for 9 h. The powders were 
handled in a glove box chamber under Ar gas and mixed in predetermined 
stoichiometric compositions in containers. A total of 10 g powder were milled at each 
session of milling. Stearic acid also was used as surfactant in amount of 0.5% of total 
powder (0.05 g). Vacuum grease was used to seal the containers to their lids to prevent 
further oxidation of powders during the milling process. After milling, the milled 
powders were removed from containers and kept in glass vials in Ar glove box 
chamber.
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3.1.4 Fabrication of bulk pure Mg, Mg-Nb and Mg-Ta composites
Powder metallurgy (PM) technique was used to prepare the bulk samples. In this 
process, pure Mg powder as well as homogeneous mixtures of Mg-Nb or Mg-Ta 
powders were uniaxially cold pressed, at a pressure of 6 ton (760 MPa) for 15 min, 
into cylindrical compact (10 mm diameter, 17 mm length), using a stainless steel mold. 
The green compacts were then sintered at 610 °C for 3 h using vacuum tube 
furnace (Figure 3.4) under an ultra-pure Ar atmosphere. The samples were heated at a 
rate of 5 °C/min and then cooled to room temperature inside the furnace. An overview 
of the sintering process of bulk samples is observed in Figure 3.5.
Figure 3.4 Vacuum tube furnace used to sinter samples.
Figure 3.5 An overview of the sintering process of bulk samples.
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3.1.5 Fabrication of pure Mg, Mg-Nb and Mg-Ta composite foams
The fabrication procedure of porous samples was largely similar to that of bulk 
samples. However, in porous samples, pure Mg and Mg-mixture powders were mixed 
with space holder material prior to pressing into green compact. 
Ammonium hydrogen carbonate (ܰܪସܪܥܱଷ) (AHC) was selected as space 
holder material due to its low decomposition temperature to avoid the reaction with 
Mg powders (ýDSHN -	9RMWČFK' ; Wen et al. 2001). The decomposition 
temperature of AHC was measured using a Thermogravimetry Analyzer (TGA, TA 
Q50) (Figure 3.6) with heating rate of 5 °C/min from room temperature to 200 °C. The 
TGA curve of AHC (Figure 3.7) represents weight loss of 100% in the sample at a 
temperature of about 113 °C, demonstrating a complete decomposition at temperature 
of heating step (175 °C).
Figure 3.6 Thermogravimetry Analyzer (TGA, TA Q50).
Figure 3.7 The TGA curve of AHC decomposition.
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The spacer material used in this study (AHC) was sieved in the range size of 300 
to 500 μm to be similar to that of porous bone and resemble the biomechanical 
properties of implants (Wen et al. 2001). The metallic powders and spacer material 
were thoroughly manually mixed in agate mortar for 5 min; some ethanol were used 
to avoid segregation of metallic powders and spacer materials. Mixtures containing 
30, 40, 50, 60 and 70% of AHC were prepared to obtain different porosities.
Then, mixture of metallic powder and spacer material were pressed into green 
compact employing the same procedure as used for bulk samples. The sintering of 
foam samples were carried out in two steps: (1) heating at 175 °C for 3 h with a heating 
rate of 3 °C/min to remove the spacer particles and (2) sintering at 610 °C for 3 h with 
a heating rate of 5 °C/min to obtain further attachment of metallic particles. Note, the 
equipment used for sintering of foam samples are the same as used for bulk samples 
(Figure 3.4). An overview of sintering process of foam samples is observed in
Figure 3.8.
Figure 3.8 An overview of the sintering process of foam samples.
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3.2 Materials characterisation and tests
3.2.1 Microstructural examination
Samples are divided into three groups: powders, bulks and foams. The 
preparation method of each group for microstructural examinations is as follows:
Powders 
For cross sectional observations, some powder were placed in a plastic mounting 
cup and then cold epoxy resin was poured over the powder particles. After curing, the 
resin and embedded powders were taken out and grinded to 1200 grit silicon carbide 
(SiC) paper finish under running tap water. Then, they were mechanically polished on 
a Struers twin-disc LaboPol-21 (Figure 3.9) using 6 and 3 μm diamond suspension 
with felt nap mats. Picric acid (a solution of 3.0 ml picric acid, 50 ml ethanol, 5 ml 
acetic acid, and 10 ml distilled water) was used as etchant solution for etching. For 
morphology observations, some powder were placed on carbon tape and blown off, 
using an inert aerosol spray to remove loose particles. For X-ray diffraction (XRD) 
analysis, some powder were place on low noise silicon sample holder and used as XRD 
sample.
Bulks and foams
For microstructural observations, including optical and electron microscopy and 
XRD observations, both bulks and foams were cut transversely with a diamond 
wafering blade.
In bulk samples, cut surfaces were grinded to 1200 grit silicon carbide paper 
finish under running tap water, then mechanically polished on a Struers twin-disc 
LaboPol-21 using a 6 and 3 μm diamond suspension with felt nap mats. Ultrasonic 
cleaning with ethanol for 10 min was used after each step of polishing. Finally, samples 
were cleaned ultrasonically with ethanol for 30 min to remove any contamination and 
dried in air stream. Picric acid was used as etchant solution for etching of bulk samples.
In foam samples, cut surfaces were grinded to 4000 grit SiC paper finish under 
running tap water. Then, samples were hold upside down with plastic clips and 
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ultrasonic cleaning with ethanol for 30 min was used to remove any contamination 
from pores. Finally, porous samples dried in air stream.
The microstructure of the specimens was investigated using optical microscopy 
(Olympus DP 71) and Scanning Electron Microscopy (SEM) (Supra 55, Zeiss) 
equipped for Energy-Dispersive X-ray Spectroscopy (EDS, EDX) with an element-
mapping technique (Figure 3.10a and b, respectively).
Electron backscatter diffraction (EBSD) study was used to characterise the 
microstructure and to measure the grain size of sintered samples. EBSD analysis were 
performed using the Zeiss LEO 1530 with HKL Nordlys S camera operated at 20 kV. 
The working distance was about 9-10 mm with step size of 0.5 μm. The post 
processing analysis of the EBSD maps were carried out using the HKL – Chanel 5 
software package (Figure 3.10c).
Measurement of particle size of powders, porosity and pore size of bulk and 
foams
To determine the particle size of powders, SEM images and commercially 
available software ImageJ were used for quantitative image analysis. Three batches of 
each composition were analyzed to obtain a reliable statistic of particle size.
To determine the porosity and pore size distribution of bulk and porous samples, 
each sintered sample was cut transversely into five sections with a diamond wafering 
blade and cut surfaces were grinded to 4000 grit with SiC abrasive paper. SEM images, 
commercially available software ImageJ and Lineal Analysis (LA) method were used 
for quantitative measurement of porosity and pore size distribution (Figure 3.11). For 
pore size measurement, the SEM image of whole cross section was imported into 
ImageJ software and then the size of all pores in the cross section were measured one 
by one. Higher magnifications were used for micro pores. For porosity measurement, 
the imported SEM image of whole cross section into ImageJ software was used 
associated with Lineal Analysis. Twelve diagonal lines were placed on the cross 
section and the total length of placed lines within the pores (σܮ௣) was measured and 
divided by the total line length (σܮ்) using (Equation 3-1) to obtain the porosity 
(Stjernberg 1969; Vander Voort 1984).
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ܲ݋ݎ݋ݏ݅ݐݕ (%) =  σ௅೛σ௅೅  × 100 Equation 3.1
To obtain a reliable statistic of porosity and pore size distribution, three samples 
of each composition were cut into five cross sections, i.e. fifteen sections were 
investigated. Note that, to measure the porosity through Lineal Analysis, 6 and 24 
diagonal lines were also tested, however the results were far from reality. The point 
counting method was also considered, but the results were not reliable.
Figure 3.9 Struers twin-disc LaboPol-21 mechanical polishing machine.
Figure 3.10 Instruments utilized for microstructural characterizations: (a) optical 
microscope Olympus DP 71, (b) SEM, Zeiss Supra equipped for Energy-Dispersive 
X-ray Spectroscopy (EDS, EDX), (c) SEM, Zeiss LEO.
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Archimedes' method (AM) was used as the experimental determination 
of density of bulks (Cawthorne & Sinclair 1972). The porosity of porous samples also 
was measured through AM and compared with LA. In Archimedes' method, distilled 
water was used as liquid and the weight of dried and wet samples was measured using 
the equipment shown in Figure 3.12. The density and porosity were calculated using
Equation 3-2 and Equation 3-3, respectively (Karageorgiou & Kaplan 2005; Zhao, R 
et al. 2011; Zhuang, Han & Feng 2008).
ߩ =  ௐ೏ × ఘ೗ௐ೏ି ௐೢ Equation 3.2
ܲ݋ݎ݋ݏ݅ݐݕ (%) = ቀ1 െ ఘ೑೚ೌ೘ఘ್ೠ೗ೖ ቁ  × 100 Equation 3.3
Where, ܹ ௗ and ܹ ௪ are the weight of sample when it is dry and wet, respectively, 
ߩ௟ is the density of liquid (ߩ௪௔௧௘௥ = 1 ݃ ܿ݉ଷΤ ), ߩ௙௢௔௠ and ߩ௕௨௟௞ are the density of 
foam and bulk samples, respectively.
Figure 3.11 Measuring the particle size of powders, porosity and pore size of porous 
samples using SEM images and commercially available software ImageJ.
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Figure 3.12 Archimedes' principle equipment.
3.2.2 Chemical composition characterization
X-Ray Diffraction (XRD) and SEM-EDX are the common techniques used for 
determination of the surface crystallographic structure and phase identification. In this 
study, XRD was carried out using a PANalytical X-pert Powder diffractometer with 
&X.ĮUDGLDWLRQߣ =  1.5418݁ିଵ଴ ݉) operated at 40 kV and 30 mA (Figure 3.13). The 
XRD profiles were scanned and recorded with the angle 2Theta from 30° to 90° in 
step-size of 0.01° at a scanning speed of 0.01 °/s.
The composition of Mg matrix, reinforcements and corrosion products were 
further analysed using SEM-EDX which can provide the composition of the selected 
zone on the surface of Mg/Mg composites. Besides, the distribution of reinforcement 
elements was further characterised using EDX-mapping, in which the reinforcements 
were illustrated by different colours.
3.2.3 Surface chemistry analyzing
X-ray photoelectron spectroscopy (XPS) analysis was performed with a SPECS 
V\VWHPHTXLSSHGZLWK3KRLERV0&'HOHFWURQDQDO\VHUDQG$O.ĮPRQRFKURPDWLF
source (Figure 3.14). Only, unmilled, 9 and 18 h milled pure Mg powders were 
analyzed.
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Figure 3.13 PANalytical X-pert Powder diffractometer.
Figure 3.14 X-ray photoelectron spectroscope.
3.2.4 Micro-hardness test
The sintered bulk samples were used for micro-hardness test. Each sintered 
sample were cut transversely with a diamond wafering blade into three sections (~ 5 
mm length). Finally, they were grinded to 1200 grit SiC paper.
The micro-hardness measurements were carried out using Highwood HWDV-
7S automatic digital microhardness tester (Figure 3.15). The tests were performed 
using the Vickers indenter under a load of 5 kg with 30 s dwell time accordance with 
ASTM E384-99 standard (ASTM-E384-99 1999).
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Figure 3.15 Highwood HWDV-7S automatic digital microhardness tester.
3.2.5 Compression test
All the sintered samples (bulks and foams) with a diameter of 10 mm and length 
of 15 mm were used for compression tests. Sintered bulk and foam samples were used 
for compression test without any particular preparation except for cleaning and 
removing the oxide layer on the samples before the test, using SiC abrasive paper with 
1200 grit.
Compression test was performed on Instron universal tester equipped with a 
video extensometer (Instron 5567, USA) at initial strain rate of 10ିଷ/ݏ (Figure 3.16).
A compressive curve (stress-strain) was obtained for each specimen from the 
compression testing. The elastic modulus was calculated by drawing tangent to the 
elastic part of the compressive curves. The compressive yield strength obtained from 
the curves at 0.2% strain. The ultimate compressive strength was determined as the 
value at the maximum compressive stress. The failure strain was the strain at which 
specimens are fractured.
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Figure 3.16 Instron universal 5567 tester utilized for compression test.
3.2.6 Corrosion evaluation
In this study only sintered bulk samples were used for corrosion experiments. 
Various methods and procedures, depending on the type of corrosion test, were used 
to prepare the bulk samples.
Corrosion morphology, weight loss, hydrogen evolution, pH monitoring and 
ion concentration tests
The samples and the preparation procedure used for weight loss, hydrogen 
evolution, pH monitoring and ion concentration tests are the same. Samples with 
diameter of 10 mm and length of 5 mm were encapsulated in cold epoxy resin with 
one side exposed to SBF. All the sample surfaces were mechanically grinded using 
SiC abrasive paper with 1200 grit, washed ultrasonically for 5 min with ethanol and 
then Milli-Q (ultra-pure) water and finally dried in air stream.
Corrosion can range from pitting corrosion to massive corrosion depending on 
the microstructure, fabrication method and composition of Mg/Mg composites. Direct 
corrosion morphology of pure Mg and Mg composites immersed in SBF was 
investigated to illustrate the details of the corrosion process after the corrosion testing. 
For the corrosion morphology characterization, each Mg specimen was mounted in 
epoxy resin with one side exposure to SBF. The SEM-EDX was used to characterize 
the corrosion behaviour of Mg specimens. EDX and XRD also were used to identify 
the phase and elements distribution after corrosion testing.
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In this study, the specimens used for hydrogen evolution test, utilized for weight 
loss and pH monitoring experiments as well. In other words, the hydrogen test was 
performed on the specimens. Then, immediately after hydrogen test, the samples were 
removed, washed and weighed for weight loss test. The pH was also monitored during 
the hydrogen evolution test. The details of the experiments are as follows:
During the hydrogen tests, specimens were put into beakers with a water bath 
at 37 °C. Then the beakers were poured with 230 ml of the SBF. An attached funnel 
and burette were placed over the specimens (Figure 3.17) to collect the hydrogen gas 
evolved from the specimens during degradation. The ratio of the sample surface area 
(ܿ݉ଶ) to the volume of SBF solution (ml) was 1:300. The hydrogen volume was 
converted using ideal gas law to the standard temperature (0 °C) and pressure (1 atm) 
(Kirkland, N. T., Birbilis & Staiger 2012; Zainal Abidin, Nor Ishida et al. 2011). The 
hydrogen evolution rate, ுܸ (݈݉/ܿ݉ଶ.݀) was calculated by dividing the volume of 
evolved hydrogen by the exposed surface area and the time of evolution. Then, 
corrosion rate (degradation rate), ுܲ (mm/y) was evaluated using empirical equation:
ுܲ = 2.279 ுܸ Equation 3.4
After the hydrogen evolution tests, specimens were removed and washed with 
Milli-Q water. Then, the corrosion products were removed using a 200 g/l chromic 
acid solution (Kirkland, N. T., Birbilis & Staiger 2012; Song, G., Atrens & St John 
2001). The weight of the samples before and after the tests was measured using an 
electronic balance with an accuracy of ± 0.0001 g. The weight loss rate, ௅ܹ
(݉݃/ܿ݉ଶ.݀), was calculated by measuring the weight of samples before ( ௕ܹ) and 
after ( ௔ܹ) the immersion test using:
௅ܹ =  ௐ್ି ௐೌ஺௧ Equation 3.5
Where A is the sample surface area (ܿ݉ଶ) and t is the immersion time (day). The 
corrosion rate, ௐܲ (mm/y) was also calculated using (Shi, Z & Atrens 2011; Zainal 
Abidin, Nor Ishida et al. 2011; Zhao, MC et al. 2008):
ௐܲ = 2.10 ௅ܹ Equation 3.6
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The pH monitoring was performed close to the surface of the samples during the 
hydrogen test using labCHEM- pH meter (Figure 3.18). The pH meter was calibrated 
for each immersion test using buffer solutions, before the onset of the first monitoring.
The ion concentrations of the prime metallic elements of Mg, Nb and Ta from 
disk samples using an inductively coupled plasma mass spectrometer (ICP-MS, 
Agilent 7700×) equipped with an Agilent ASX 520 Auto sampler. Before analyses, 
the solutions with Mg, Nb or Ta ions were filtered through 0.22 mm membrane filters, 
and then were diluted with ultra-pure water acidified with 2% HNOଷ. Ion 
concentrations were calculated as ݉݃ ݈Τ using corresponding regression lines 
FRUUHODWLRQIDFWRU
Figure 3.17 Hydrogen gas collection test (a) schematic and (b) setup.
Figure 3.18 pH meter and buffer solutions utilized for pH monitoring and 
calibration, respectively.
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Electrochemical test
Samples with a diameter of 10 mm and thickness of 3 mm were used for the 
electrochemical tests. All samples were connected to a copper wire and then 
encapsulated in cold epoxy resin with one side exposed to SBF (Figure 3.19). The 
sample surface was mechanically grinded using SiC abrasive paper with 1200 grit, 
polished with 9 μm diamond suspension with felt nap mats, washed ultrasonically with 
ethanol for 5 min and then Milli-Q water, and finally dried in air stream.
The electrochemical measurement was carried out using a potentiostat (Chi 
760e) equipped with Multistate software. A three-electrode cell system with Ag/AgCl 
electrode as the reference electrode, a titanium-mesh electrode (15 × 15 × 1 mm) as 
the counter electrode and the sample mounted in cold epoxy resin as the working 
electrode was used in this study as shown in Figure 3.20.
Before the electrochemical tests, the samples were immersed in m-SBF at 
temperature of 37 °C for 10 min to be stabilized. The potential of the electrodes was 
swept at a rate of 3 mv/s. The corrosion current density (݅௖௢௥௥) was calculated by Tafel 
extrapolation of the cathodic and anodic branches of the polarization curves using EC-
lab software provided by Bio-logic (ASTM-G102–89 2004; Kirkland, N. T., Birbilis 
& Staiger 2012; Princeton Applied Research 2010).
The corrosion rate, ௜ܲ (mm/y) was also calculated using (Wen, Z et al. 2009;
Witte, Fischer, Nellesen, Crostack, et al. 2006; Zainal Abidin, Nor Ishida et al. 2011):
௜ܲ = 22.85݅௖௢௥௥ Equation 3.7
Figure 3.19 Specimen used for electrochemical test.
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3.2.7 Preparation of simulated body fluid (SBF)
The m-SBF was used as simulated body fluid with an ionic concentration 
roughly equal to that of blood plasma. The solution was prepared by dissolving 
reagent-grade chemicals of:   NaCl ,    NaHCOଷ ,   NaଶCOଷ , KCl ,    KଶHPOସ. 3HଶO ,
MgCl. 6HଶO, CaClଶ and NaଶSOସ in the order given, in 1000 ml Milli-Q water (Oyane 
et al. 2003). The dissolved solution was then buffered at pH 7.4 at 37 °C using HEPES 
and 1.0 M NaOH. The recipes for preparing m-SBF is listed in Table 3.1.
Figure 3.20 The electrochemical workstation used in this study.
Table 3.1 Preparation recipe for a total volume of 1000 ml m-SBF.
Order Reagent Amount
1 NaCl 5.403 g
2 NaHCOଷ 0.504 g
3 NaଶCOଷ 0.426 g
4 KCl 0.225 g
5 KଶHPOସ. 3HଶO 0.230 g
6 MgCl. 6HଶO 0.311 g
7 0.2 M NaOH 100 ml
8 HEPES 17.892 g
9 CaClଶ 0.293 g
10 NaଶSOସ 0.072 g
11 1.0 M NaOH ~ 15 ml
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4 Chapter 4 - Characterisation of powders
Unmilled (as received) pure Mg (PMg) powders with different ranges of particle 
size (three types) were characterised microscopically. Then, one type of pure Mg 
powder (type 2 with average particle size of ~ 50 μm) was selected
and ball milled to optimise the operative parameters of the mechanical milling
process. Various amounts of surfactant were employed. The morphology
and particle size of Mg powders were evaluated in different milling times. The surface 
analysis, microstructural investigations and crystallite size evaluation were
performed using optical and electron microscopies, X-ray diffractions and chemical 
composition analysis. Accordingly, the optimum ball milling parameters were 
determined. Finally, mixtures of Mg-Nb and Mg-Ta powders were prepared through 
manual mixing or milling process and the effect of optimum milling process on the 
mixture powders was investigated.
4.1 Characteristic features of unmilled and milled pure Mg powders
4.1.1 Morphology of Mg powders with various particle sizes
To investigate the effect of Mg particle size on the mechanical and corrosion 
properties of bulk samples, three different ranges of particle sizes (three types) were 
provided. The SEM images and particle size distribution of unmilled (as received) pure 
Mg powders with different particle sizes are shown in Figure 4.1 and Figure 4.2,
respectively. The average particle size of Mg powder in different types is presented in
Table 4.1. The XRD patterns of such powders are also displayed in Figure 4.3.
In type 1 pure Mg (PMg-type 1), the particles are mainly spherical and so fine 
in size (Figure 4.1a and Table 4.1). In pure Mg type 2 (PMg-type 2) and type 3 (PMg-
type 3), the particles are irregular in shape and larger in size (Figure 4.1b and c and
Table 4.1). The particle size distribution (Figure 4.2) shows that, in type 1, the size of 
particles are mainly lower than 100 μm while in type 2 the size of particles are mainly 
larger than 60 μm and smaller than 160 μm. In type 3, the particles measured to be 
larger than 100 μm and smaller than 500 μm, which is a larger range compared to type 
1and 2. No significant differences can be observed in the XRD patterns of various 
types of Mg powders (Figure 4.3).
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Figure 4.1 Morphologies of unmilled pure Mg powders with different ranges of 
particle size: (a) type 1: 300-325 mesh (45-50 μm), (b) type 2: 100-150 mesh (100-
150 μm) and (c) type 3: 40-50 mesh (350-420 μm).
Figure 4.2 Particle size distribution of unmilled pure Mg powders with different 
ranges of particle size.
76
CHAPTER FOUR CHARACTERISATION OF POWDERS
Table 4.1 The average particle size of various unmilled Mg powder types.
Powder type PMg-type 1 PMg-type 2 PMg-type 3
Range of particle size (μm) 45-50 100-150 350-420
Average particle size (μm) 50 ± 0.84 113 ± 0.92 345 ± 1.02
Figure 4.3 The XRD patterns of unmilled pure Mg powders with different ranges of 
particle size.
4.1.2 Mechanical milling process
Surfactant (process control agent)
Mechanical milling was employed as a preliminary process to powder 
metallurgy technique for powder preparation. In mechanical milling of ductile 
materials such as Mg, the cold welding occurs dominantly over fracturing (Gilman & 
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Benjamin 1983; Suryanarayana 2001). Some stearic acid was used as surfactant to
minimize the cold welding of Mg powders during mechanical milling process and 
achieve high powder yield and required properties, (Nazari, Nouri & Hilditch 2015a;
Nouri & Wen 2014). Various amounts of stearic acid were investigated to
obtain the optimum quantity of surfactant. Note that, the lowest amount of
stearic acid was employed in this study to minimize both the cold welding
of Mg powders and the side effects on corrosion and biological properties
of specimens (Lamaka et al. 2016; Makar & Kruger 1993; Ren et al. 2005; Witte, 
Fischer, Nellesen, Crostack, et al. 2006).
Figure 4.4 shows the type 2 of Mg powder after milling for 9 h with
various amounts of stearic acid. Milling of Mg powders without stearic acid
resulted in adhesion of powders on the steel balls and vial and formation of 
agglomerates due to cold welding (Figure 4.4a), which is consistent to
the previous studies (Hwang, Nishimura & McCormick 2001). So that, small
amount of Mg powder only was obtained after the milling. The increase of
stearic acid to 0.1 % (Figure 4.4b), 0.3 % (Figure 4.4c) and 0.5 % (Figure 4.4d)
reduced the adhesion of powders and amount of agglomerates. An
appropriate mechanical milling process consists of the balance between repeated 
welding, fracturing and re-welding of powder particles. Dominant cold-welding
occurs in mechanical milling of Mg without using surfactant, and consequently, 
expected structures, properties and characteristics cannot be obtained.
The balance can be achieved by using a surfactant, such as stearic acid, to 
minimize redundant cold welding of particles and provide a balance between cold 
welding and fracturing (Hosseini-Gourajoubi et al. 2015; Hwang, Nishimura & 
McCormick 2001; Lu, L & Zhang 1999; Nazari, Nouri & Hilditch 2015a). Although, 
still few agglomerates can be observed in Figure 4.4d and exceeding 0.5 % of stearic 
acid can further reduce the cold welding of Mg powders (Hosseini-Gourajoubi et al. 
2015), this amount was selected as the optimum amount of stearic acid to obtain fine 
particles with less agglomerates and minor adhesion of powders on the vial and steel 
balls, and also minimise the side effects of stearic acid on corrosion and biological 
properties of specimens (Lamaka et al. 2016; Makar & Kruger 1993; Ren et al. 2005;
Witte, Fischer, Nellesen, Crostack, et al. 2006).
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Figure 4.4 Images showing Mg powder type 2, after milling for 9 h with various 
amounts of stearic acid: (a) no stearic acid, (b) 0.1 %, (c) 0.3 % and (d) 0.5 %.
Milling time
Pure Mg powders with particle size range of 100-150 μm (type 2) were 
mechanically milled for different milling intervals of 3, 9, 18, 21, 24 and 30 h, to 
investigate the effect of milling time on the particle size and morphology of milled Mg 
powders. Figure 4.5 and Table 4.2 show the morphology and the average particle size 
of milled Mg powders for various milling times. The comparison of milled and 
unmilled powders reveals that, unmilled powder (Figure 4.1b) consists of almost 
regular shape and large particles; however, the particles are finer in size and irregular 
and elongated in shape in milled powders (Figure 4.5). The increase in milling time to 
18 h reduces the size of particles remarkably (Figure 4.6). The mean particle size of 
unmilled Mg powder, estimated from SEM observations, is 113 μm and ~70% of 
particles range from 80 to 140 μm (Figure 4.2, PMg-type 2); however, in 18 h milled 
powders (Figure 4.6), the mean particle size is 44 μm and ~70% of particles ranging 
from 38 to 50 μm. Therefore, the mean particle size of powders is decreased by 
increasing the milling time to 18 h. The increase in milling time from 18 to 30 h 
reduces the particle size of Mg powders. However, the reduction in particle size is not 
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significant. Moreover, the increase in milling time introduces some agglomerates 
(Figure 4.5d-e). The decrease in size of particles with increase in milling time, in 
powders containing 0.5 % surfactant, can be related to the dominant fracturing than 
cold-welding in Mg particles. In contrast, in prolonged milled powders the cold-
welding of the particles is more dominant generating some large particles (Grosjean et 
al. 2004). Therefore, 3, 9 and 18 h milling times were selected as preliminary optimum 
milling times. Then, bulk samples were fabricated using Mg powders ball milled for 
3, 9 and 18 h. No significant differences in microstructural and mechanical
characteristics of bulk samples were observed (will be discussed in chapter 5). 
Therefore, the mechanical milling for 9 h was selected as the optimum milling time.
The cross section of particles of unmilled and 9 h milled PMg-type 2 powder
was analysed to investigate the effect of mechanical milling on the microstructural 
characteristics of Mg powders. Optical microscopic images of the cross sections, 
etched with picric acid solution, are displayed in Figure 4.7. As can be seen, the grains 
are discernible in unmilled Mg particle and approximate grain size, estimated from 
microscopic observations, ranged from 5 to 11 μm. However, in 9 and 18 h milled Mg 
particulates only wave like outlines is observed and no distinct grain structure is 
perceptible. 
The continuous collision between powders, balls and vial causes the powders 
experience serious plastic deformations which increases the density of dislocations, 
internal strain and stacking faults in the powders. Therefore, the particles and grains 
break up into small fragments and sub-grains, respectively. Indistinguishable 
microstructural features (Figure 4.7b) demonstrate sub-micron grain size in milled 
powders. However, the particle and grain size reduction is restricted by the recovery 
rate expecting in milling of low melting temperature metals (Hwang, Nishimura & 
McCormick 2001; Suryanarayana 2001; Zidoune et al. 2004). Thus, further increase 
in milling time to 18 h did not result in significant particle size reduction. Moreover, 
consecutive fracturing, cold welding and folding of particles during collision result in 
layered structure and waviness in the particles and sintered samples. Figure 4.8
schematically shows the layered structure obtained due to fracturing and cold-welding 
of Mg powders.
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Figure 4.5 SEM images showing the type 2 of Mg powders mechanically milled for 
different milling intervals: (a) 3, (b) 9, (c) 18, (d) 21, (e) 24 and (f) 30 h.
Table 4.2 The average particle size of Mg powders (type 2) milled for various times.
Milling time 
(h)
3 9 18 21 24 30
average 
particle size
(μm)
108
± 0.35
96
± 0.97
44
± 0.61
53
± 0.83
58
± 0.45
46
± 0.91
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Figure 4.6 The particle size distribution of Mg powders (type 2) milled for various 
times.
Figure 4.7 Optical micrographs showing the cross sections of particles of PMg-type 
2 powder: (a) unmilled, (b) 9 h and (c) 18 h milled.
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Figure 4.8 Schematic of ball-powder-ball collision and cold welding of powders 
during mechanical milling process resulting in layered structure.
To investigate the effect of milling time on the grain size of particles, the X-ray 
diffraction measurement was employed to measure the grain size. The X-ray 
diffraction patterns of unmilled and milled pure Mg powders are displayed in
Figure 4.9. Constant position of the peaks at different milling times and unchanged 
lattice parameters by mechanical milling indicating solid solution and mechanical 
alloying of Mg powders do not occur (Grosjean et al. 2004). However, decrease in 
intensity as well as peaks broadening can be seen in the XRD peaks with prolonged 
milling times indicating increase in internal strain and reduction in grain size resulting 
from heavy deformation during mechanical milling (Avar et al. 2014; Gogebakan, 
Kursun & Eckert 2013; Grosjean et al. 2004; Hwang, Nishimura & McCormick 2001).
The crystalline structure and internal strain of milled and reference powders were 
FKDUDFWHUL]HG XVLQJ&X.Į UDGLDWLRQ Ȝ    QP 7KH FU\VWDOOLWH VL]Hwas 
obtained from broadening of Bragg peaks by Cauchy approximation and Williamson-
Hall plot (Klug & Alexander 1954). The silicon was used as reference material for 
subtracting the instrumental broadening of the Bragg peaks. Table 4.3 shows the 
crystallite size and strain of Mg powders milled for various milling times. The 
crystallite size is decreased rapidly up to 9 h milling and then changed slightly at 18 h 
due to recovery rate of Mg, which is consistent with results reported by Hwang and 
co-workers (Hwang, Nishimura & McCormick 2001). The internal strain (calculation 
will be discussed in Chapter 5) is also increased with increasing in milling time 
resulting from serious powder-ball collision and mechanical deformation (Nouri & 
Wen 2014; Wu et al. 2014).
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Figure 4.9 X-ray diffraction patters of unmilled pure Mg as well as milled Mg 
powders for 3, 9 and 18 h.
Table 4.3 Crystallite size and internal strain of unmilled and mechanically milled Mg 
powder (type 2) at various milling times.
Material Parameter
Milling time (h)
unmilled 3 9 18
Powder
Crystallite size (nm) 5-11 μm 82 58 51
Strain (%) 0 0.09 0.17 0.19
To investigate the effect of milling process and time of milling on the oxide layer 
on Mg powders, surface of pure Mg powders milled for various milling times were 
analysed using X-ray photoelectron spectroscopy. Surface analysis of unmilled as well 
as 9 and 18 h milled Mg powders is presented in Figure 4.10. Magnesium oxide (MgO) 
is detectable on the surface of all three powder samples. The Mg 2p spectra represents 
metallic Mg peaks in addition to MgO peaks, indicating MgO layer and contribution
of metallic state. The intensity ratio between XPS peak of MgO and metallic Mg is 
higher in milled powders comparing to unmilled powders. This ratio is also increased 
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by increase in milling time, demonstrating a thinner MgO layer on the prolonged 
milled powders (Grosjean et al. 2004; Zidoune et al. 2004).
According to the evaluation of Mg powders (discussed in this section) and 
compression test results (will be discussed later) Mg powder type 2 (particle size range 
of 100-150 μm) was selected as main and operating Mg powder to be mixed with 
reinforcements. Then, bulk and foam samples were fabricated using this type of Mg 
powder. So that, Mg powder refers to the type 2 in the following sections.
Figure 4.10 Mg 2p XPS spectra of unmilled, 9 h and 18 h milled pure Mg powders.
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4.2 Characteristic features of Mg-Nb and Mg-Ta mixture powders
The SEM images and particle size distribution of unmilled (as received) pure Nb 
(PNb) and pure Ta (PTa) powders can be observed in Figure 4.11 and Figure 4.12,
respectively. Both Nb and Ta powders consist of fine particles with a few number of 
large particles. The size of particles in Nb is larger than that of Ta. The particle size 
distribution also shows large particles in PNb with size of about 100 μm while in PTa 
the maximum size of particles is 15 μm. In PNb powder, the particles ranging mainly 
lower than 40 μm and in PTa the size of particles are mainly 1.5-10 μm.
To investigate the effect of milling process and parameters on mixture powders, 
milled Mg as well as unmilled and milled Nb powders were used to prepare Mg-Nb 
mixture powder. Two different states were investigated:
x State 1: 9 h milled Mg powder was mixed manually for 5 min with unmilled 
Nb powder (manually mixed (MM) mixtures).
x State 2: Mg and Nb powders were thoroughly mixed in ball milling 
machine for 9 h (simultaneously milled (SM) mixtures).
Figure 4.11 Morphology of initial (as received) pure powders: (a) Nb and (b) Ta.
Figure 4.12 Particle size distribution of unmilled (as received) pure Nb and Ta 
powders.
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The morphology and cross section of Mg-Nb mixture powders are shown in 
Figure 4.13 and Figure 4.14, respectively. Mg-Nb mixture powders including Mg 
particulates surrounded or inserted by small Nb particles (Figure 4.13a and b). As 
secondary electron (SE) image of manually mixed ܯ݃(௠௜௟௟௘ௗ)െܾܰ(௨௡௠௜௟௟௘ௗ) mixture 
powders (Figure 4.13a) shows, Nb particles are accumulated on the outer surface of or 
between Mg powders termed here as “outer-particle” Nb particulates. The higher 
magnification of mixture powder in Figure 4.13c represents the outer-particle Nb 
particulates on a Mg powder more obviously. On the other hand, where Mg and Nb 
powders were milled simultaneously for 9 h, in addition to outer-particle Nb 
particulates, some Nb particles are detected as inserted particles in Mg powders termed 
here as “inner-particle” Nb particulates. Such Nb particles can be observed clearly in 
Figure 4.13d in higher magnification. The difference in morphology and position of 
Nb particles on or inside the Mg powders is noticeable. 
Then, the powders (MM and SM mixtures) were cross sectioned and investigated 
using angle selective backscattered (AsB) electron. Figure 4.14 exhibits the position 
of Nb particles in relation to Mg powders in various mixtures. As can be seen, in
MM mixtures (Figure 4.14a), Nb particles are located between Mg powders. However, 
in SM mixtures (Figure 4.14b) inner-particle Nb particulates are located inside, or in 
other words, inserted in Mg powders. Fine and well distributed Nb particles are 
significantly observable in SM Mg-Nb mixtures compared to MM mixtures.
As mentioned before, consecutive fracturing, cold welding and folding of Mg 
particles during collision result in layered structure in the particles. In simultaneously 
milled Mg-Nb powders, Nb particles are located between Mg layers and cold welded 
to Mg powders generating “Mg-Nb composite particles”. According to Mg-Nb phase 
diagram (Massalski et al. 1986; Wolff, Ebel & Dahms 2010) indicating Nb is 
immiscible with Mg, no intermetallic phases between Mg and Nb can be formed. This 
is also further supported by XRD analysis of SM Mg-Nb powders and sintered samples 
as well as line scan observations in the vicinity of Nb particles. Figure 4.15 displays 
the X-ray diffraction patterns of 9 h milled pure Mg and SM Mg-Nb powders. Constant 
position of the peaks at different compositions indicates that the lattice parameters 
remained unchanged by simultaneous mechanical milling of Mg and Nb powders. The 
X-ray diffraction patterns of SM Mg-Ta mixture powders are also displayed in 
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Figure 4.16. In Mg-Ta composites also no peak relating to Mg-Ta intermetallic phases 
can be observed.
Figure 4.13 Secondary electron images of (a) manually and (b) mechanically mixed 
Mg10Nb mixture powders. (c) and (d) display higher magnification of (a) and (b), 
respectively, showing Mg particle with outer-particle (white arrows) and inner-
particle (black arrows) Nb particulates.
Figure 4.14 AsB images showing the cross section of Mg10Nb mixture powders 
prepared (a) manually and (b) mechanically.
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Figure 4.15 X-ray diffraction patterns of 9 h milled pure Mg as well as 9 h 
simultaneously milled Mg-Nb mixture powders.
Figure 4.16 X-ray diffraction patterns of 9 h simultaneously milled Mg-Ta mixture 
powders.
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Figure 4.17 shows the SEM image of a cross sectioned 9 h milled Mg10Nb 
mixture powder and its corresponding EDS and line scan spectrums. The evidence of 
the absence of any intermetallic phase formation between Mg and Nb can be observed 
from line scan analysis.
Therefore, simultaneous milling of Mg and Nb powders, results in three different 
types of Mg-reinforcement powders including:
i. Nb-inserted-Mg powders in which Mg and Nb particles are joined and 
fused thoroughly forming “Mg-Nb composite particle”
ii. Nb-adhered-Mg powders in which Nb particles are adhered on the outer 
surface of Mg powders. In such particles, the Nb particulates could not be 
located between Mg layers or are ejected from the layers due to continuous 
fracturing of Mg powders
iii. Nb-free-Mg powders in which Mg powders containing no inserted or 
adhered Nb particle
In separated milled Mg-Nb composites, Nb particles are placed along with Mg 
powders during manual mixing and will not be covered up by Mg layers. They adhere 
roughly to Mg powders just during pressing stage (Figure 4.14a). Figure 4.18
illustrates schematically how Mg powders are broken, cold welded, inserted by 
reinforcement particles and re-fractured resulting in (i) Mg-reinforcement composite 
particles, (ii) reinforcement-adhered-Mg particles or (iii) layered pure Mg particles 
(El-Eskandarany 2001; Gilman & Benjamin 1983; Lloyd 1994; Lu, L, Thong & Gupta 
2003; Soni 1998).
The effect of reinforcement material on the size of particles of Mg powder was 
investigated through measuring the size of Mg particles in Mg-Nb and Mg-Ta mixtures 
containing various amounts of Nb and Ta, respectively. Then, the particle sizes were 
compared with unmilled and milled pure Mg powder. The average size of Mg particles 
in pure unmilled and milled Mg as well as in SM Mg-Nb and Mg-Ta powders is 
illustrated in Figure 4.19. The average particle size is ~113 μm for unmilled Mg 
powder which is reduced to ~96 μm for 9 h milled pure Mg and is further reduced to 
~89, ~75 and ~70 μm for Mg-2, 5 and 10Nb, respectively. The average particle size of 
Mg particles in Mg-2, 5 and 10Ta is also lower than that of unmilled and milled pure 
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Mg powder; however, is still higher than in Mg-Nb mixture powders. The reduction 
in size of Mg powders in mixtures through milling process can be attributed to the 
friction of Mg powders by reinforcement particles. In such case, Nb or Ta particles 
operate like abrasive material due to higher hardness of Nb (90-160 HV) and Ta (80-
200 HV) than that of Mg (30-45 HV) (Gupta & Suri 1993; HandbookVol2 1990; Porter 
& Totemeier 2004; Ross 2013). In other words, Mg powders, in Mg-reinforcement 
mixtures, not only are fractured by high-energy collision of milling balls but also are 
grinded by hard reinforcement particles during the milling process (Razavi Hesabi, 
Hafizpour & Simchi 2007).
Figure 4.17 EDS and line scan results of an inner-particle Nb in a 9 h SM Mg-Nb 
mixture powder.
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Figure 4.18 Schematic showing the formation of inner- and outer-particle 
reinforcements. Fracturing, cold welding and re-fracturing of Mg-reinforcement 
mixture powders during mechanical milling process, result in layered and composite 
structure with three different types of Mg-reinforcement powders.
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Figure 4.19 The average size of Mg particles (type 2) in unmilled and 9 h milled 
pure Mg as well as in simultaneously milled Mg-Nb and Mg-Ta powders.
4.3 Summary
Unmilled and milled Mg/Mg-composites were prepared through manual
mixing and mechanical milling process, respectively. Firstly, pure Mg powder
with average particle size of 113 μm and grain size of 5-11 μm was milled to
obtain the optimum parameters of mechanical milling, resulted in 0.5 % surfactant
and 9 h milling time. The microstructural observations of 9 h milled Mg powders 
revealed a layered structure with sub-micron grain size resulting from continuous 
fracturing, cold welding and re-fracturing during the milling process. The average 
particle size of Mg powders, after 9 h milling, was measured as 96 μm with
crystallite size of 58 nm. The continuous collision between powders, balls and vial 
causes the powders experience serious plastic deformations which increases the 
density of dislocations, internal strain and stacking faults in the powders. The internal 
strain of milled Mg powders was measured, through XRD diffraction, as 0.17%
compared to unmilled pure Mg. Magnesium oxide (ܯܱ݃) was also detected in the 
microstructure of milled Mg powders.
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Mg-reinforcement mixture powders were prepared through manual mixing and 
mechanical milling process. Microstructural observations revealed that, in Mg-
reinforcement mixtures prepared through manual mixing, the reinforcement particles 
are located on the outer surface of Mg powders; however, in mixtures fabricated 
through mechanical milling process, “Mg-reinforcement composite particles” also can 
be achieved. In mechanical milling of mixtures, consecutive fracturing, cold welding 
and folding of powders place reinforcement particles between Mg layers and cold weld 
them to Mg powders generating Mg-reinforcement composite particles. According to 
phase diagrams of Mg-reinforcement, XRD analysis and line scan observations no 
intermetallic phases between Mg and reinforcements can be formed, proving the 
formation of Mg-reinforcement composite particles. Moreover, mechanical milling of 
Mg-reinforcement mixtures reduces the particle size of Mg powders with a higher rate 
compared to when pure Mg powders were milled without reinforcements. The average 
particle size of Mg powders were measured as ~89, ~75 and ~70 μm for Mg-2, 5 and 
10Nb, respectively and as ~86, ~80 and ~70 μm for Mg-2, 5 and 10Ta, respectively.
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5 Chapter 5 - Microstructural characteristics and Mechanical 
properties of bulk pure Mg, Mg-Nb and Mg-Ta composites
In this chapter, unmilled (as received) and mechanically milled pure Mg, Mg-
Nb and Mg-Ta mixture powders were used to fabricate bulk specimens through PM 
process. Then, microstructural features and mechanical properties of bulk specimens 
were characterized. The effect of particle size of powders, mechanical milling, milling 
time as well as reinforcement material and content on the microstructure and 
mechanical properties of bulk samples was investigated.
Bulk pure Mg specimens were fabricated from pure Mg powders with three 
different ranges of particle size (particle size effect). One type of pure Mg powder 
(type 2 with average particle size of ~ 113 μm) was selected and ball milled for various 
milling times (milling time effect). Mixtures of Mg-Nb and Mg-Ta powders 
(reinforcement material effect) prepared through two different procedures including 
manually mixing or simultaneously milling (milling process effect). Finally, various 
amounts of reinforcements such as Nb and Ta particles were used to fabricate Mg-Nb 
or Mg-Ta composites. The results obtained from microstructural observations 
including optical and electron microscopies and X-ray diffractions, compressive 
experiments and micro-hardness tests on the bulk samples are described and discussed 
in this chapter.
5.1 Microstructural features of bulk specimens
5.1.1 Microstructure of bulk pure Mg
The microstructural features of bulk pure Mg fabricated from unmilled (as 
received) Mg powders with various particle sizes are shown in Figure 5.1. The Mg 
particles are discernible in the microstructures. Some dark boundaries and spots also 
can be seen obviously between the particles representing particle boundaries and 
porosities, respectively in the microstructures.
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Figure 5.1 Microstructure of bulk samples prepared from unmilled pure Mg powder 
with various particle sizes: (a) 45-50 μm (type 1), (b) 100-150 μm (type 2) and (c) 
350-420 μm (type 3).
To investigate the effect of milling time on the microstructural specifications of 
bulk samples, type 2 pure Mg powder was milled for various intervals, and bulk 
samples were made from such powders. Figure 5.2 shows the microstructure of bulk 
samples made of pure Mg powder milled at various times. In bulk samples produced 
from unmilled pure Mg powder (Figure 5.2a), grains and grain boundaries are 
discernible after etching. However, bulk samples fabricated by 3, 9 and 18 h milled 
pure Mg powders (Figure 5.2b, c and d, respectively), illustrate layered structure with 
no distinct microstructural features. The layer structure is finer and more packed in 18 
h milled bulk samples. Thus, less areas with obvious microstructural features can be 
observed in 18 h milled specimens than in microstructure of 3 and 9 h milled samples. 
The longer milling time results in more collision between Mg powders and further 
plastic deformation indicating more compressed layered structure (Hwang, Nishimura 
& McCormick 2001; Ratna Sunil et al. 2014; Wang, T, Qin & Zhou 2011).
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In addition, more porosities and larger pore sizes are observed in unmilled and 
3 h milled bulk samples compared to 9 and 18 h milled samples. This is further 
supported by density, porosity and pore size measurements presented in Table 5.1. As 
can be seen, the density is higher in 18 h milled samples compared to 9, 3 and unmilled 
samples. Porosity and pore size are also reduced by increase in milling duration. 
Magnesium oxide layer formed on the surface of unmilled -exposed particles to air-
powders is not dissolved during sintering and hinders strongly the sintering process of 
Mg. Mechanical milling can be considered as a promising process to facilitate and 
improve the sintering of Mg powders. The oxide layer on the particles surface can be 
reduced or removed during milling process due to continuous collision of powders by 
steel balls as well as consecutive fracturing of powders obtaining fresh surfaces 
(Grosjean et al. 2004; Wolff, Ebel & Dahms 2010). The lower thickness of oxide layer 
between Mg particles in milled samples than that of unmilled samples (Figure 4.10)
represents superior sintering conditions in milled samples. Therefore, sintering could 
be enhanced by prolonged mechanical milling. Moreover, various particle shapes 
(Figure 4.5) as well as broaden particle size distribution (Figure 4.6) in milled powders 
increase the compressibility of Mg powders, resulting in more compressed green 
compact (Lee, KH et al. 2013; Nazari, Nouri & Hilditch 2015a). Consequently, denser 
bulks can be achieved after sintering of milled powders. The decrease of porosity and 
average pore area with increase in milling duration confirms that more compressed 
green compact and superior sintering conditions can be obtained. Therefore, the 
consolidation of powders can be improved through combination of mechanical milling 
and sintering at high temperature eventuating high strength materials.
X-ray diffraction patterns of pure Mg bulk samples fabricated from unmilled and 
milled Mg powders is shown in Figure 5.3. The internal strain measurements in 
powders and bulk samples were performed using x-ray diffraction patterns. The XRD 
peaks of samples at different steps i.e. before mechanical milling of powders and after 
sintering of bulk samples were collected and single peak fitting using a Pseudo-voigt 
function was used to obtain the exact 2q position of the Mg diffraction peaks. The 
silicon was used as reference material for instrument correction. Finally, the strain was 
measured according to (Motlagh et al. 2016):
߳௛௞௜௟ =  ௗ೓ೖ೔೗ି ௗబ೓ೖ೔೗ௗబ೓ೖ೔೗ Equation 5.1
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Where, ݀଴௛௞௜௟ is stress-free lattice spacing of (hkil) crystallographic planes and 
݀௛௞௜௟ is lattice spacing at different stages of process. Note that, the internal strain of 
unmilled Mg powder (raw powder) and the probable residual stresses from previous 
processing were neglected, as common to diffraction works. 
Figure 5.2 Microstructure of bulk pure Mg prepared from (a) unmilled, (b) 3 h, (c) 9 
h and (d) 18 h milled pure Mg powders (type 2).
Table 5.1 Density and porosity of bulk samples fabricated from unmilled and 3, 9 
and 18 h milled pure Mg powders.
Milling time (h) Density (g/cm3)
Porosity
(%)
Average pore area
(μm2)
0 (unmilled) 1. 5603 ± 0.0051 10.21 ± 0.02 4.64 ± 0.12
3 1. 6218 ± 0.0033 6.81 ± 0.01 4.13 ± 0.15
9 1.6958 ± 0.0048 2.60 ± 0.07 3.80 ± 0.11
18 1.7082 ± 0.0027 1.87 ± 0.04 3.64 ± 0.12
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The interplanar spacing “d” of different {hkil} crystallographic planes is related 
to the 2ߠ௛௞௜௟ peak positions via Bragg’s law regarding to the following equation:
݊ɉ = 2݀௛௞௜௟. sin ߠ௛௞௜௟ Equation 5.2
:KHUHQLVWKHUHIOHFWLRQRUGHUDQGȜLVWKH;-ray wavelength. In this regard, 
unmilled and 3, 9 and 18 h milled Mg powders were scanned. As can be seen in 
Figure 5.4 and Table 4.3, internal strain in powders is increased by increase in milling 
time. The internal strain of unmilled Mg powder was assumed to be 0. Then, obtained 
internal strain of other powders were calculated in relation to unmilled powder. The 
obtained internal strain of 3, 9 and 18 h milled powders was calculated as 0.09, 0.17 
and 0.19%, respectively. Then, bulk samples were prepared using the same powders 
and then, were scanned with exactly the same setup used for powders. The internal 
strain measurement shows a decrease in all the bulk samples. The red arrows in 
Figure 5.4 shows the strain reduction during the sintering process. The decrease in 
internal strain is different in bulks prepared from powders with various milling times. 
The longer the milling time of powders the more strain is released in bulk samples. 
For instance, the internal strain measurement in unmilled Mg shows a reduction of 
0.316% which is increased to 0.398, 0.457 and 0.422% by increase in milling time to 
3, 9 and 18 h, respectively.
Figure 5.3 X-ray diffraction patterns of bulk pure Mg made of unmilled and 3, 9 and 
18 h milled pure Mg powders.
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According to the released strain in unmilled bulk Mg (0.316%), total internal 
strain stored in milled Mg powders can be calculated as shown in Table 5.2. Thus, the 
residual strain, i.e. the strain remains within Mg bulk samples after sintering, can be 
calculated by deduction of released internal strain (through sintering process) from 
total strain (stored in Mg powders through milling process). The residual strain in bulk 
samples can be seen in light colours in Figure 5.4. It reveals that, 0.008, 0.029 and 
0.084% strain remain in bulk samples prepared from 3, 9 and 18 h milled powders,
respectively. Thus it can be deduced that, the residual strain is higher in bulk samples 
made of prolonged milled powders. 
EBSD images of bulk samples prepared by unmilled, 9 and 18 h milled pure Mg 
powders are observed in Figure 5.5. Semi-symmetric grains are formed in unmilled 
bulk samples (Figure 5.5a) comparing to bulk samples prepared by 9 and 18 h milled 
powders (Figure 5.5b and c, respectively) in which grains are deformed and elongated. 
Grain size measurements (Table 5.3) shows remarkable increase in grain size in 
sintered milled samples compared to sintered unmilled samples. Comparison of grain 
size measurement in powders (Table 4.3) and in bulk sintered samples (Table 5.3)
shows that, grains in milled bulk samples are significantly larger than milled powders. 
However, in unmilled samples the grain size is slightly increased after sintering.
Despite mechanical milling obtains nm scale grain size and increases the volume 
fraction of grain boundaries to improve mechanical properties of materials, the free 
energy associated with volume fraction of grain boundaries is consequently increased. 
Thus, thermal stability is eliminated and grains start growing even at low temperatures 
(Chang, YW, Pozuelo & Yang 2015; Fecht et al. 1990; Lu, L, Thong & Gupta 2003).
Therefore, sintering at high temperature can be even more detrimental to grain size 
and strength of bulks obtained from milled powders (ýDSHN	9RMWČFK). EBSD 
images and grain size measurements of bulk samples confirm significant grain size 
increment which is even higher for samples made from prolonged milled powders. The 
lower grain size in prolonged milled powders provides higher volume fraction of grain 
boundaries and driving force for grain growth resulting in larger grain size (Higgins 
1974).
Moreover, according to the fact that recrystallization temperature is decreased 
by increase in cold work and decrease in grain size and also since sintering of bulk 
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samples performed in higher temperature than Mg recrystallization temperature (~200 
°C) (Askeland & Phulé 2003; Martin, Jonas & Mishra 2011) grains start being 
recrystallized and grow earlier in prolonged milled samples. In other words, 
recrystallization temperature is lower for samples prepared from 18 h milled powders, 
setting them in recrystallization temperature longer than 9 h and unmilled bulk samples 
resulting in larger grain size. Internal strain stored in milled powders also acts as 
driving force for strain release and grain growth in sintered bulks. The higher the 
internal strain the higher the driving force for strain release and grain growth during 
sintering process. Therefore, the strain is released with a higher rate in bulk samples 
prepared from prolonged milled powders which is consistent with strain measurements 
(Figure 5.4) (Kim, S-J et al. 2015).
Figure 5.4 Internal strain in powders milled at various milling times as well as 
released strain of bulk samples during sintering process and residue strain in bulk 
samples after sintering.
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Table 5.2 The total internal strain stored in milled Mg powders.
Milling time (h)
Obtained internal strain through 
milling process (%)
Total stored internal 
strain in powders (%)
0 (unmilled) 0 0.316
3 0.09 0.406
9 0.17 0.486
18 0.19 0.506
Figure 5.5 EBSD images of bulk samples fabricated from (a) unmilled, (b) 9 h 
milled and (c) 18 h milled pure Mg powders.
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Table 5.3 Grain size of bulk samples fabricated from unmilled, 9 and 18 h milled 
pure Mg powders.
Material Parameter
Milling time
0 (unmilled) 9 18
Bulk samples Grain size (μm) 7.67 9.91 11.52
5.1.2 Microstructure of bulk Mg composites
5.1.2.1 Simultaneously milled Mg-Nb composites
Figure 5.6 shows the microstructure of bulk Mg-Nb samples fabricated by 
simultaneously milled Mg-Nb mixture powders and then sintered at 610 °C. The size 
of Nb particles is small particularly in Mg2Nb (Figure 5.6a, b). However, with 
increasing Nb content more than 2%, large Nb particles can be seen in bulks 
(Figure 5.6c-f). Nb particles are larger in Mg5Nb bulks (Figure 5.6c, d) compared to
Mg10Nb bulks (Figure 5.6e, f). As mentioned in Chapter 4, some Nb particles are 
inserted in Mg powders during milling process termed here as “inner-particle” Nb 
particulates. These particles remain inside the Mg powders even after sintering. These 
inner-particle Nb particulates, marked with IP, are discernible in bulks fabricated from 
SM Mg-Nb mixture powders. 
As can be seen in the X-ray diffraction patterns of bulk specimens (Figure 5.7), 
no specific peak relating to compound between Mg and Nb is detectable, representing 
no intermetallic compounds formed in the microstructures. This is further supported 
by EDX line scan analysis in the vicinity of Nb particles in Mg-Nb composites 
(Figure 5.8). EDX mapping of Nb particles in Mg2, 5 and 10Nb composites, is shown 
in Figure 5.9. Uniform distribution of Nb particles can be seen in the microstructures. 
Figure 5.10 shows the SEM images of Mg-Nb composites even with higher contents 
of Nb. As SEM images show, in Mg5Nb and Mg30Nb bulks also large particles of Nb 
can be observed. High porosity can be seen in Mg2Nb which is reduced gradually by 
increase in Nb content to 20% and then increased remarkably in Mg30Nb.
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Figure 5.6 Microstructure of bulk samples prepared from simultaneously milled
Mg-Nb mixture powders with various Nb contents: (a, b) Mg2Nb, (c, d) Mg5Nb,
(e, f) Mg10Nb. IP: inner-particle Nb, OP: outer-particle Nb.
Figure 5.7 X-ray diffraction patters of bulk samples made of simultaneously milled 
Mg-Nb mixture powders. Milled pure Mg is presented as control material.
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Figure 5.8 EDX line scan in the vicinity of Nb particles in Mg10Nb composites.
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Figure 5.9 EDX mapping of Nb particles in (a) Mg2Nb, (b) Mg5Nb and (c) 
Mg10Nb composites.
106
CHAPTER FIVE MICROSTRUCTURAL CHARACTERISTICS AND … 
Table 5.4 represents the density as well as porosity of pure Mg and Mg 
composites. Rule-of-mixture (ROM) approach (Equation 5.3), based on the values of 
density (ߩெ௚ = 1.739, ߩே௕ = 8.57, ߩ்௔ =  16.69 ݃/ܿ݉ଷ) and volume fraction of 
the metal matrix and reinforcements, was used to calculate the theoretical density of 
composite materials (Chawla, K 1974; Chawla, KK 1998; Sharma 2003).
ߩ௖௢௠௣௢௦௜௧௘ = ߩ௠௔௧௥௜௫ × ௠ܸ௔௧௥௜௫ + ߩ௥௘௜௡௙௢௥௖௘௠௘௡௧ × ௥ܸ௘௜௡௙௢௥௖௘௠௘௡௧ Equation 5.3
:KHUHȡLVGHQVLW\݃/ܿ݉ଷ) and V is volume fraction (vol.%). The experimental 
density of samples were calculated through Archimedes’ method (AM). The low 
differences between theoretical and experimental densities of our samples showed that 
it is feasible to fabricate almost dense pure Mg and Mg composite through PM process. 
The low porosities measured by lineal analysis (LA) also approve the fabrication of 
near dense samples. Average pore size in the cross sections illustrates small pores in 
the microstructures which also supports the dense structure of fabricated pure Mg and 
Mg composites.
Figure 5.10 SEM images of bulk samples prepared from simultaneously milled Mg-
Nb mixture powders with various Nb contents: (a) Mg2Nb, (b) Mg5Nb, (c) Mg10Nb, 
(d) Mg20Nb and (e) Mg30Nb.
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Table 5.4 Porosity and density of pure Mg, Mg-Nb and Mg-Ta composites.
Composition
Density (g/cm3) Porosity 
(%)
(LA)
Average 
pore size 
(μm)Theoretical Experimental
Pure Mg 1.74 1.6958 ± 0.0048 2.6 2.2
Mg2Nb 1.77 1.7375 ± 0.0049 2.7 2.1
Mg5Nb 1.81 1.7753 ± 0.0078 2.4 1.9
Mg10Nb 1.89 1.8649 ± 0.0010 2 1.9
Mg20Nb 2.07 2.0397 ± 0.0056 2.2 2
Mg30Nb 2.28 2.2263 ± 0.0032 2.6 2.1
Mg2Ta 1.77 1.7279 ± 0.0006 2.7 2.5
Mg5Ta 1.82 1.7739 ± 0.0013 2.6 2.2
Mg10Ta 1.91 1.8631 ± 0.0039 2.5 2.3
Mg20Ta 2.12 2.0693 ± 0.0021 2.4 1.8
Mg30Ta 2.38 2.2977 ± 0.0063 3.5 2.2
5.1.2.2 Manually mixed Mg-Nb composites
To investigate the effect of mechanical milling on the microstructural features 
of Mg-Nb composites, Mg was milled for 9 h and then mixed manually with unmilled 
Nb powders (2, 5 and 10%) and then bulk samples were fabricated through PM 
process. Figure 5.11 represents the microstructure of sintered bulk samples made of 
manually mixed Mg-Nb powders. The distribution uniformity of Nb particles in the 
microstructures is undesirable. The non-uniformity is more serious in Mg5Nb samples 
(Figure 5.11b); also large agglomerates of Nb particulates can be observed 
108
CHAPTER FIVE MICROSTRUCTURAL CHARACTERISTICS AND … 
significantly in this sample. Generally, the size of Nb particles in MM Mg-Nb samples 
is larger than that of SM Mg-Nb specimens. In MM Mg-Nb samples, Nb particulates 
are situated between Mg particles. In other words, Nb particulates are located in the 
boundaries of Mg particles forming outer-particle Nb particulates, marked as OP in
Figure 5.11. However, greater number of inner-particle Nb particulates (IP), are 
discernible in bulks fabricated from SM Mg-Nb mixture powders (Figure 5.6).
The comparison of the microstructures of bulk pure Mg (Figure 5.2c) and
Mg-Nb composites (Figure 5.6 and Figure 5.11) shows that, the porosity is reduced
in Mg-Nb samples. This reduction is more significant in the microstructures of
SM Mg-Nb composites compared to MM Mg-Nb samples. The size of pores are also 
smaller in SM Mg-Nb composites than that of MM Mg-Nb samples. These are further 
supported by measurement of porosity and pore size in the microstructures of both 
types of Mg-Nb composites (Table 5.5).
Figure 5.11 Microstructure of bulk samples prepared from manually milled Mg-Nb 
mixture powders with various Nb contents: (a) Mg2Nb, (b) Mg5Nb and (c) Mg10Nb. 
IP: inner-particle Nb, OP: outer-particle Nb.
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Table 5.5 Density and porosity of bulk samples fabricated from various Mg-Nb 
mixture powders.
Type of mixture 
powder
Nb content 
(%)
Density (g/cm3)
Porosity
(%)
Average 
pore area
(μm2)
0 (pure Mg) 1.6958 ± 0.0048 2.60 ± 0.07 3.80 ± 0.11
Manually milled 
powders
2 1.6931 ± 0.0011 4.46 ± 0.09 3.76 ± 0.03
5 1.7232 ± 0.0043 5.10 ± 0.04 3.87 ± 0.07
10 1.7812 ± 0.0031 5.88 ± 0.04 3.85 ± 0.03
Simultaneously 
milled powders
2 1.7375 ± 0.0049 2.71 ± 0.10 2.13 ± 0.10
5 1.7753 ± 0.0078 2.43 ± 0.06 1.90 ± 0.07
10 1.8649 ± 0.0010 2.01 ± 0.01 1.94 ± 0.12
As mentioned before, during sintering process, surface melting of Mg powders 
provides superior adherence and attachment of particles to each other and 
consequently proper strength is obtained in the structure. However, sintering of Mg is 
hindered mainly by stable magnesium oxide formed on the outer surface of particles. 
Nb particles can be considered as an alternative sintering inhibitors due to their high 
melting temperature (HandbookVol2 1990). Nb particles placed on the outer surface 
of Mg powders (i.e. outer-particle Nb particulates) prevent Mg powder surfaces to 
attach to each other properly even during surface melting. Thus, manual mixing of Mg 
and Nb powders, in which outer-particle Nb particulates are introduced, provides poor 
sintering conditions. The higher the Nb content the more the outer-particle Nb 
particulates are introduced into starting material, resulting in larger outer surface area 
of Mg powders is covered by Nb particulates. This leads to further deterioration in 
sintering conditions. On the other hand, in simultaneously milled mixtures, majority 
of Nb particulates are inserted into Mg powders and covered by layers due to cold 
welding. Therefore, primary adherence between Mg and inner-particle Nb particulates 
will be obtained. Superior attachment would be achieved via subsequence sintering 
and surface melting of Mg. Small gaps around Nb particulates also would be enclosed 
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and reduced in sintered samples prepared from simultaneously milled powders. Lower 
outer-particle Nb particulates in the microstructure of sintered samples fabricated by 
SM Mg-Nb powders (Figure 5.6) compared to sintered samples made of MM Mg-Nb 
powders (Figure 5.11) and the porosity measurements (Table 5.5) is an evidence that 
combination of simultaneous milling and sintering can produce more dense and 
stronger composite materials. These results imply that the detrimental effect of Nb 
particles on the densification and sintering of Mg powders is more conspicuous when 
these particles are not embedded within the metallic matrix powders (Abenojar, 
Velasco & Martínez 2007; Fogagnolo et al. 2003; Karunanithi et al. 2014; Moazami-
Goudarzi & Akhlaghi 2013; Razavi Hesabi, Hafizpour & Simchi 2007). Figure 5.12
schematically shows, in MM sintered samples, large porosities are introduced around 
Nb particulates which will not be filled by Mg even after sintering, resulting in higher 
porosity in bulk samples compared to SM sintered samples.
In SM samples, decrease in porosity with increase in Nb content (Table 5.4) can 
be ascribed to the lower particle size of Mg powders containing higher Nb content 
(Figure 4.19). As discussed in Chapter 4, the size of Mg powders is decreased in 
mixture powders containing higher amount of Nb, resulting in improved 
compressibility of the green compacts. In fact, finer particles can move and fill the 
voids more rapidly than coarse particles, resulting in more compaction and superior 
sintering conditions. Therefore, higher densification and lower porosity can be
Figure 5.12 Schematic of sintered samples made of manually mixed or 
simultaneously milled Mg-Nb powders, representing larger gaps around Nb particles 
in MM samples compared to SM samples in which Nb particles are covered 
primarily by Mg layers during milling and enclosed in during sintering. 
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achieved in samples (Calin & Citak 2007; Fogagnolo et al. 2003; Gan & Gu 2008;
Huard et al. 1999; Moazami-Goudarzi & Akhlaghi 2013; Nazari, Nouri & Hilditch 
2015a; Neikov, Lotsko & Gopienko 2009; Nouri & Wen 2014; Razavi Hesabi, 
Hafizpour & Simchi 2007).
5.1.2.3 Simultaneously milled Mg-Ta composites
Figure 5.13 and Figure 5.14 show the microstructure of bulk Mg-Ta samples 
fabricated by simultaneously milled Mg-Ta mixture powders sintered at 610 °C. 
Increase in Ta content increases the size of Ta particles. This increase in size is more 
significant in Mg10Ta and Mg30Ta (Figure 5.14c and e, respectively). X-ray 
diffraction patterns of SM Mg-Ta samples is shown in Figure 5.15, representing no 
intermetallic between Mg and Ta. This is also proved by EDX line scan analysis in the 
vicinity of Ta particles in SM Mg-Ta composites (Figure 5.16). EDX mapping of Ta 
particles in Mg-Ta composites is shown in Figure 5.17. In SM Mg-Ta samples also 
uniform distribution of Ta particles can be observed. The size of Ta particles in
Mg-Ta microstructures is notably smaller than Nb particles in Mg-Nb specimens. This 
can be attributed to the smaller size of starting Ta than that of starting Nb particles. 
The porosity measurements (Table 5.4) reveal that, the porosity is typically increased 
with increasing Ta content. Moreover, the porosity in Mg-Ta samples is higher than 
that of Mg-Nb samples. 
This implies that finer size of reinforcements introduces more porosity than 
coarse dispersoid. Moreover, the ratio of measured density to theoretical density in 
Mg-Ta is lower than that of Mg-Nb samples due to the finer size of reinforcements in 
Mg-Ta samples. The higher porosity and lower density in Mg-Ta is because of the fact 
that finer dispersoid inhibit the plastic deformation of Mg powders, resulting in lower 
compressibility in green compacts. Moreover, in composites pressed at high pressure 
level to green compact (like 750 MPa used in this study), decrease in size of dispersoid 
or decrease in the size ratio of metallic matrix powders to dispersoid result in lower 
achievable density. The finer reinforcement particles decrease the deformation 
capacity of composite powders because they are more prone to agglomeration. 
Therefore, the deformation and movement of Mg powders to fill the voids will be 
become more difficult. This effect is more pronounced at higher volume fractions of 
reinforcement materials (Karunanithi et al. 2014; Schodek, Ferreira & Ashby 2009).
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Figure 5.13 Microstructure of bulk samples prepared from simultaneously milled 
Mg-Ta mixture powders with various Ta contents: (a) Mg2Ta, (b) Mg5Ta and (c) 
Mg10Ta. IP: inner-particle Nb, OP: outer-particle Nb.
Figure 5.14 SEM images of bulk samples prepared from simultaneously milled
Mg-Ta mixture powders with various Ta contents: (a) Mg2Ta, (b) Mg5Ta,
(c) Mg10Ta, (d) Mg20Ta and (e) Mg30Ta.
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Figure 5.15 X-ray diffraction patters of bulk samples made of simultaneously milled 
Mg-Ta mixture powders. Milled pure Mg is presented as control material.
Figure 5.16 EDX line scan in the vicinity of Ta particles in Mg10Ta composite.
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Figure 5.17 EDX mapping of Ta particles in (a) Mg2Ta, (b) Mg5Ta and (c) Mg10Ta 
composites.
5.2 Mechanical properties of Bulk specimens
5.2.1 Mechanical properties of pure Mg
Mechanical properties of samples, examined through compressive test, are 
presented as follows: The compressive stress-strain curve of each sample was plotted 
and compressive properties including elastic modulus (EM), yield strength (YS), 
ultimate compressive strength (UCS) and failure strain (FS) were inferred from 
compressive stress-strain curve. Five different batches (each batch consists of three 
specimens) of each sample (totally fifteen specimens) were considered for 
statistically significant measurement.
To calculate the EM, the linear elastic region of stress-strain curves were 
examined. Then, the tangent line to the linear part was drawn. The slope of tangent 
line was used as EM of samples. A 0.2% offset line parallel to the tangent line was 
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drawn to determine the 0.2% YS of samples. The point where it intercepted the main 
stress-strain curve was considered as 0.2% offset yield stress. The maximum point of 
stress-strain curves was considered as UCS and the strain where the samples fractured 
and stress dropped down was found as FS.
Unmilled (as received) Mg powders with various ranges of particle size were 
used to fabricate bulk pure Mg samples. Then, compressive test was used to 
characterize the compressive properties of pure Mg specimens. Figure 5.18 shows the 
compressive stress-strain curves of pure Mg bulks fabricated from Mg powders with 
various types and particle size ranges. Compressive properties of such Mg bulks also 
can be observed in Figure 5.19.
Elastic modulus of Mg bulks is reduced significantly to about 12 and 62% by 
increase in average particle size of Mg powders from 50 μm to 113 and 345 μm, i.e. 
ܧܯ௧௬௣௘ ଵ: ହ଴ஜ௠ >  ܧܯ௧௬௣௘ ଶ: ଵଵଷஜ௠ >  ܧܯ௧௬௣௘ ଷ: ଷସହஜ௠. Yield strength (YS) and 
ultimate compressive strength (UCS) of bulks made of type 2 Mg powder is higher 
than that of bulks made of type 1 and type 3 Mg powder. In other words, YS and UCS 
are improved by increase in average particle size of Mg powders from 50 μm (type 1) 
to 113 μm (type 2) and then decreased by further increase in average particle size of 
Mg powders to 345 μm (type 3). Failure strain of Mg bulks is in the highest value in 
type 3 with the largest particle size and is lowest in type 2. 
Figure 5.18 Compressive stress-strain curves of bulk samples fabricated from 
various types of Mg powder.
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Figure 5.19 Compressive properties of bulk samples fabricated from various types of 
Mg powder, obtained from stress-strain curves.
The micros-hardness of bulk pure Mg made of pure Mg powders with various 
particle sizes is shown in Figure 5.20. As can be seen, the micro-hardness is decreased 
by increase in particle size of Mg powders. The micros-hardness is reduced about 6 
and 11% by increase in particle size from 50 to 113 and 345 μm, respectively.
The higher mechanical properties (YS and UCS) of Mg samples fabricated by 
type 2 Mg powder can be ascribed to more desirable compaction and sintering of such
Mg bulk compared to other types. Regarding to SEM images of unmilled pure Mg 
powders with various particle sizes (Figure 4.1), Mg bulks prepared from type 1 Mg 
powder with commonly spherical particles. However, Mg powders in type 2 include 
of various shapes. Hence, during compressing Mg powders into green compact Mg
powders with various particle shape can slide and move more freely than spherical 
particles resulting in more compressed compact.
118
CHAPTER FIVE MICROSTRUCTURAL CHARACTERISTICS AND … 
Figure 5.20 Micro-hardness of unmilled pure Mg made of various Mg powder types 
with various average of particle size: type 1: 50, type2: 113 and type 3: 345 μm.
In such case, Mg particles have more connection points, leading to superior 
adherence during sintering process. More particle boundaries with higher small 
porosities between particles can be observed in the microstructure of sintered bulks
prepared from type 1 Mg powder (Figure 5.1a) compared to type 2 Mg bulk 
(Figure 5.1b). More packed Mg particles are discernible in the microstructures of type 
2 Mg bulk. In Mg bulk prepared from type 3 Mg powder with higher particle size, the 
compaction of Mg powders is lower, obtaining larger pore sizes in the microstructure 
compared to type 2 Mg bulk. Therefore, it can be deduced that, mechanical properties 
are higher in type 2 Mg bulk than that of type 3 and type 1 Mg bulks.
Mechanical properties of bulk samples fabricated from pure Mg powders with 
various milling times have been investigated through compressive test. In other words, 
the effect of milling time of pure Mg powders has been investigated in Mg bulk 
samples. The compressive stress-strain curves of pure Mg bulks fabricated from 
unmilled and milled pure Mg powders in various times are displayed in Figure 5.21.
The curves demonstrate that, the mechanical properties of bulk samples are improved 
by increasing the milling time. Compressive properties of bulk samples obtained from 
stress-strain curves are illustrated in Figure 5.22. As can be seen, the elastic modulus, 
ultimate compressive strength and 0.2% yield strength are increased in bulk pure Mg 
samples by increase in milling time. The failure strain is increased in 3 h milled bulk 
samples and then decreased when milling time is increased to 9 and 18 h. In other 
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words, 3 h milled bulks have the highest failure strain than other bulk samples. 
According to the compressive properties, the 0.2% yield strength of 9 h milled bulks 
is higher than that of unmilled and 3 h milled bulk specimens. This trend can be seen 
for elastic modulus and compressive strength of 9 h milled samples. The increase in 
milling time to 18 h improves aforementioned properties even further. However, the 
increase in milling time from 9 to 18 h does not improve the compressive properties 
significantly. In other words, the difference in compressive properties between 
unmilled and 3 and 9 h milled bulks is more remarkable than the difference between 9 
and 18 h milled bulk samples.
Figure 5.23 shows the micros-hardness of bulk pure Mg, made of milled pure 
Mg powder (type 2) ball milled for various milling times. Typically, the increase in 
milling time increases the micros-hardness of bulk pure Mg samples. The increase in 
milling time to 9 h increases the micros-hardness to about 32%, but longer the milling 
time to 18 h increases the micro-hardness to about 5%. Therefore, increase in milling 
time longer than 9 h influences the micro-hardness slightly, which is consistent with 
the milling time effect in compressive properties (Figure 5.21 and Figure 5.22).
The increase in mechanical properties with increasing mechanical milling 
duration has been observed in Mg/Mg alloys and composites as well as other metallic 
materials. This improvement can be related to various parameters including finer grain 
size, finer particle size, improved density of sintered powders, formation and more 
homogenize distribution of  reinforcements such as oxides and solid-solution, 
intermetallic phase formation and accumulation of internal strain and work hardening
(Avar et al. 2014; Azabou, Khitouni & Kolsi 2009; Fousova, Capek & Vojtech 2014;
Gogebakan, Kursun & Eckert 2013; Huard et al. 1999; Lee, KH et al. 2013; Lu, L, 
Thong & Gupta 2003; Salleh et al. 2015; Suryanarayana 2001). The increase of 
mechanical properties of prolonged milled samples in current study can be ascribed to 
the investigated evidences mentioned formerly. The finer and more various shapes of 
Mg particles (Figure 4.5), achieved through prolonged milling, provide more 
compressed green compacts. Consequently, more dense sintered bulks with lower 
porosity and pore size can be obtained after sintering process (Figure 5.2). Moreover, 
MgO layer reduction obtained from mechanical milling (Figure 4.10), improves the 
sintering condition and adhesion of Mg particles. This provides more synthesized bulk 
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samples representing higher mechanical properties. In contrast, in bulk samples made 
of unmilled Mg powder, thick MgO layer hinders the sinterability and proper joining 
of Mg particles. In addition, the more internal strain accumulated in prolonged 
powders (Figure 5.4) also can be considered as a proof of increase in mechanical 
properties (Jiang, L et al. 2007; Rohatgi, Vecchio & Gray Iii 2001; Wang, H-Y et al. 
2012). It should be noted that, although the majority of internal strain, accumulated in 
milled powders and pressed green compact, is released during sintering process, still 
some remains within bulk samples resulting in higher compressive properties.
The grain size of powders is also decreased to nm scale during milling process 
(Figure 4.7 and Table 4.3) but, they start growing to about 10 μm during sintering 
(Figure 5.5 and Table 5.3). So, nm scale grain size cannot be considered as the proof 
of mechanical properties improvement of prolonged milled samples. Specifically, the 
grain size is slightly larger in 18 h milled bulk samples than that of 9 h and unmilled 
samples. Although the grain size is not the main reason for improvement of 
compressive properties as a function of milling duration, the fine grain size of bulk 
samples (7-11 μm) can be considered as a reasonable evident for high mechanical 
properties of fabricated samples in this research than other as-cast and processed 
Mg/Mg alloy materials (Avedesian & Baker 1999; Li, J et al. 2011; Wan, YC et al. 
2015; Yamashita, Horita & Langdon 2001).
Figure 5.21 Compressive stress-strain curves of bulk samples fabricated with 
unmilled, 3, 9 and 18 h milled pure Mg powders.
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Figure 5.22 Compressive properties of bulk samples fabricated with unmilled, 3, 9 
and 18 h milled pure Mg powders obtained from stress-strain curves.
Figure 5.23 Micro-hardness of pure Mg made of milled Mg powder with various 
milling times. Unmilled pure Mg is represented as control material.
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According to microstructural and mechanical investigations, 9 h milling time 
was selected as optimum milling time in this study and Mg-Nb and Mg-Ta bulk and 
foam composites were prepared using 9 h milled powders.
5.2.2 Mechanical properties of Mg-Nb and Mg-Ta composites
Mechanical properties of bulk Mg-Nb and Mg-Ta composites, made of 
simultaneously milled Mg-Nb and Mg-Ta mixture powders, respectively, were 
examined through compressive test. The compressive stress-strain curves of bulk Mg 
composites are displayed in Figure 5.24. Compressive stress-strain curve of pure Mg 
bulk fabricated from milled pure Mg powder is also displayed as control material in 
this figure. Compressive properties of bulk samples obtained from stress-strain curves 
are illustrated in Figure 5.25. The mechanical characteristic of SM Mg-Nb and Mg-Ta 
composites, were examined through micro-hardness test as well. Figure 5.26
represents the micro-hardness of pure Mg, as well as SM Mg-Nb and Mg-Ta 
composites. As the graph shows, the average micro-hardness of Nb- and Ta-containing 
composites was increased with increasing the content of Nb or Ta particulates, 
respectively. Mg composites containing 20% reinforcement possess the highest 
average micro-hardness compared to other compositions.
Generally, the addition of Nb and Ta particles into Mg matrix improves the 
compressive properties. Elastic modulus (Figure 5.25a) is increased by increase in Nb 
content to 2% and then decreased in Mg5Nb. Addition of Nb to 20%, gradually 
increases the elastic modulus and finally decreases in Mg30Nb. In Mg-Ta composites, 
the elastic modulus is increased continuously to 20% Ta and then decreased in 
Mg30Ta. Such trend can be nearly observed for yield strength of both Mg-Nb and
Mg-Ta composites (Figure 5.25b). Increase in reinforcement content up to 20% 
increases the yield strength in Mg-Nb and Mg-Ta composites and then decreases in 
30% reinforcements. There is a small decrease in yield strength in Mg5Nb and Mg5Ta 
composites, but is not remarkable. Ultimate compressive strength (Figure 5.25c) in 
Mg-Nb composites is increased by addition of Nb to 2% and then reduced to 5% Nb. 
Increase in Nb content to 30% changes the UCS; however, this variation is not 
significant at Nb contents higher than 10%. In Mg-Ta composites, drop points in UCS 
are at Mg10Ta and Mg30Ta. The failure strain (Figure 5.25d) of Mg-Nb composites 
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is lower than that of pure Mg at Mg2, 5 and 30Nb. However, in Mg-Ta composites 
reduction in failure strain can be observed in Mg10, 20 and 30Ta.
Figure 5.24 Compressive stress-strain curves of bulk samples fabricated with 
simultaneously milled (a) Mg-Nb and (b) Mg-Ta mixture powders. Bulk milled pure 
Mg is displayed as control material.
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Figure 5.25 Compressive properties of bulk samples fabricated with simultaneously 
milled Mg-Nb and Mg-Ta mixture powders obtained from stress-strain curves.
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Figure 5.26 Micro-hardness of milled pure Mg as well as simultaneously milled
Mg-Nb and Mg-Ta composites.
The highest increase in elastic modulus in both Mg-Nb and Mg-Ta composites 
can be observed when the content of reinforcements is 20%. The elastic modulus of 
Mg20Nb and Mg20Ta composites is about two times higher than that of pure Mg. The 
yield strength in Mg-Nb and Mg-Ta composites reaches to its highest point when the 
reinforcement content is 20%. The yield strength in these composites is about 28% 
higher than that of pure Mg. The maximum values of UCS, observed in Mg10Nb and 
Mg20Ta composites, are about 7% and 5% higher than that of pure Mg, respectively. 
The highest value of failure strain belongs to Mg10Nb and Mg2Ta composites which 
is about 4% and 2% higher than that of pure Mg, respectively. The increase in
mechanical properties of Nb particulates reinforced Mg composites, fabricated 
through disintegrated melt deposition technique, also has been reported by Shanthi and 
co-workers (Shanthi et al. 2012). They expressed that, hardness, 0.2% yield strength 
and ultimate tensile strength of Mg-Nb composites are improved up to 10% Nb while 
ductility is enhanced only up to 5% Nb and beyond that ductility is adversely reduced. 
The mechanical properties of reinforced metal matrix can be influenced through 
different mechanisms such as dislocation-particles interaction, different thermal 
expansion behaviour of the matrix and particles and grain refinement (Arik & Turker 
2007; Lloyd 1994; Moll & Kainer 2002; Reed-Hill & Abbaschian 1992). Homogenous 
distribution of reinforcements in Mg matrix, high mismatch between coefficient of 
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thermal expansion of Nb and Ta reinforcements and Mg matrix (7, 6.5 and 25 10-6k-1,
respectively) as well as the difference of elastic modulus of Nb and Ta particles and 
Mg matrix (105, 186 and 45 GPa, respectively) (Avedesian & Baker 1999; Gupta & 
Suri 1993; HandbookVol2 1990; Ross 2013; Taarea & Bakhtiyarov 2004) can be 
considered as the main reasons for the increase of strength properties of currently 
investigated composites. The increase of Nb and Ta contents increases the number of 
obstacles to the movement of dislocations, consequently improve the strength 
properties of composites. However, in 5 and 30% Nb and Ta a reduction in elastic 
modulus and yield strength can be observed. This reduction can be ascribed to the 
agglomeration of Nb and Ta particles at this concentrations during the milling process.
As can be seen in Figure 5.10b and e, in 5 and 30% Nb-containing composites 
large particles of Nb have been formed which may be related to the agglomeration of 
Nb particles during the milling process. A mild agglomeration of Nb particles in 10 
and 20% Nb composites is also visible; however, the size of agglomerated particles in 
the former composites is greater and the number of large particles is also higher than 
the latter. The agglomeration of particles reduces the uniformity of distribution of 
particles in Mg matrix and results in reduction of mechanical properties (Lloyd 1994;
Tszeng 1998). The results reveal that mild agglomeration does not influence the 
strength of the composites. In 5, 10 and 30% Ta-containing composites (Figure 5.14b,
c and e) also agglomeration of Ta particles is occurred which reduces the elastic 
properties of Mg-Ta composites. According to maximum increase of UCS by 7% and 
5% in Mg-Nb and Mg-Ta composites, respectively, it can be deduced that the influence 
of Nb and Ta particles on elastic properties of composites is more significant than 
plastic properties.
Failure strain of the pure Mg in current study is good and consistent with those 
reported by other researchers. The failure strain of Mg composites is even higher than 
other composites (Das & Harimkar 2014). The higher failure strain can be related to 
the presence and uniformly distributed ductile Nb particles in Mg matrix as well as 
uniformly transferred load across the sample (Ahmed & Jones 1990;
Sankaranarayanan, S., Jayalakshmi & Gupta 2011; Shanthi et al. 2012). The failure 
strain drop can be attributed to the agglomeration of particulates in the matrix. The 
reduction of failure strain in Mg-Ta composites can be related to the increase of the 
128
CHAPTER FIVE MICROSTRUCTURAL CHARACTERISTICS AND … 
stress levels at particles-matrix interface. Therefore, the interface can serve as crack 
nucleation sites which facilitates the damage of matrix and reduces the ductility 
(Seetharaman et al. 2012).
The lower mechanical properties of Mg-Ta than that of Mg-Nb composites can 
be related to the smaller size of Ta particulates. Ta particles (finer reinforcements) 
surround Mg powders more extremely than Nb particles and forming a network of hard 
particles which bear part of applied pressure elastically. This reduces the effective 
compressive pressure for compacting the powders leading to green compacts with 
lower strength and less contacted metal matrix powders. Therefore, composites with 
lower strength would be obtained (Hafizpour, Sanjari & Simchi 2009; Schuh, Noël & 
Dunand 2000).
Bulk Mg-Nb composites were fabricated from simultaneously milled and 
manually mixed Mg-Nb mixture powders to investigate the effect of milling process 
on the mechanical properties of Mg-Nb composites. Note, just Mg2, 5 and 10Nb 
composites were investigated for this purpose. Figure 5.27 and Figure 5.28 show the 
compressive stress-strain curves and compressive properties, respectively, of Mg-Nb 
composites fabricated from various types of Mg-Nb mixture powders. The stress-strain 
curves of SM and MM composites are presented in a graph for each composition, so 
that the effect of milling process in various compositions is investigated. As can be 
observed, the mechanical properties of bulk samples change differently depending on 
the method that Nb particles are added to Mg matrix. In other words, the method used 
to add Nb particles to Mg matrix to fabricate Mg-Nb composites influences the 
compressive properties of composites. 
The micro-hardness of Mg-Nb composites, made of SM or MM mixture 
powders, is represented in Figure 5.29. The micro-hardness of bulk MM Mg-Nb 
composites is lower than that of bulk SM Mg-Nb composites. In MM Mg-Nb 
composites, the micro-hardness of Mg2Nb is about 11% higher than that of Mg5Nb 
and is approximately similar to that of Mg10Nb. However, in SM Mg-Nb composites, 
the microhardness of Mg2Nb is close to that of Mg5Nb and is about 13% lower than 
that of Mg10Nb. In other words, in MM Mg-Nb composites, Mg2Nb possess the 
highest micro-hardness and in SM Mg-Nb composites, the highest value of micro-
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hardness belongs to Mg10Nb. These results are also consistent with the compressive 
characteristics of MM and SM Mg-Nb composites (Figure 5.27 and Figure 5.28).
It can be obviously perceived that, the mechanical characteristics of SM Mg-Nb 
composites are higher than that of MM Mg-Nb composites in all compositions. The 
mechanical properties of MM Mg-Nb composites are interestingly even lower than 
that of milled pure Mg bulk samples. Addition of Nb particles to Mg matrix through 
manual mixing decreases the elastic modulus and UCS of composites. However, 
variation in failure strain and 0.2% yield strength is not significant. The mechanical 
behaviour of SM Mg-Nb composites is different from MM Mg-Nb composites in 
various Nb contents. For instance, Mg2Nb-MM demonstrates higher mechanical 
properties than Mg10Nb-MM in manually mixed Mg-Nb composites. However, 
Mg10Nb-SM stands higher than Mg2Nb-SM in simultaneously milled Mg-Nb 
composites (Figure 5.27e).
Mechanical properties of samples fabricated from Mg-Nb mixture powders 
depends on the arrangement of Mg and Nb particles to each other. In manually mixed 
samples, Nb particles are located on the outer surface of Mg powders and hinder 
sintering conditions indicating lower mechanical properties than SM samples and even 
pure Mg. 
Increase of Nb in MM composites increases the outer-particle Nb particulates, 
(i.e. sinter inhibitors) reducing mechanical performance. Thus, all mechanical 
properties of Mg10Nb are expected to be less than Mg2Nb and Mg5Nb composites. 
But, this cannot be observed for UCS which is higher in MM Mg10Nb than that of 
MM Mg5Nb. In MM Mg10Nb composites, although the number of outer-particle Nb 
particulates is higher, the reinforcing effect of Nb is more dominant in plastic region, 
improving UCS of MM Mg10Nb composites. In other words, in MM Mg10Nb 
composites, detrimental effect of Nb as sinter barrier is dominant comparing to MM 
Mg2Nb composites; however, profitable effect of Nb as reinforcement is predominant 
comparing to MM Mg5Nb composites. Moreover, when Nb content exceeded 5%, the 
agglomeration of particles appeared (Figure 5.11b) which reduces the uniformity of 
distribution of particles in Mg matrix resulting in further reduce of mechanical 
properties (Lloyd 1994; Mordike, Kainer & Schroder 1990).
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In simultaneously milled samples, the majority of Nb particles are embedded 
into Mg layers obtaining Mg powders with less Nb particles on the outer surface. 
Therefore, superior attachment of Mg and Ng particles as well as more qualified 
sintering conditions can be achieved, indicating higher compressive properties. The 
effect of Nb particles as reinforcement material is more significant in SM samples 
compared to MM samples. Moreover, the size of Nb particles is lower and they are 
well distributed in the microstructures in SM samples. In composites at a constant 
volume of reinforcement, the movement of dislocations can be significantly deterred 
by utilizing finer reinforcements due to smaller spacing between particles (Chua, Lu 
& Lai 1999; Lu, L, Thong & Gupta 2003; Shen et al. 2013).
Moreover, the high energy ball milling process, accompanied the addition of 
reinforcement into Mg matrix, introduces crystal defects such as dislocations, grain 
boundaries and stacking faults in the particles and causes the improvement of the 
mechanical properties of composites (Tan, MJ & Zhang 1998). The irregularity of Mg 
and reinforcement particulates, resulted from milling process, can be considered as a 
crucial reason for the increase of mechanical properties. Due to the absence of 
chemical bonding and no phase formation in Mg-Nb or Ta composites, the bonding 
between Mg and Nb or Ta particles is achieved mechanically and a fine attachment 
between particles governs the mechanical bonding. Thus, the semi-angular shaped 
matrix and reinforcement particles can join together more firmly than spherical 
particles which consequently leads to higher mechanical integrity (ýDSHN	9RMWČFK
2013; Gale & Totemeier 2003).
5.3 Fractography
The fractography was carried out after compression test using compressed 
fractured samples to analysis the fracture characteristics of Mg/Mg-composites. 
Fracture surfaces of milled pure Mg as well as SM Mg-Nb and Mg-Ta samples were 
examined. The fractured samples were washed ultrasonically with ethanol for 10 min 
and secured in the way that the examined fractured surface would be parallel to the 
beam. The fractography investigation was performed using Zeiss Supra 55 VP 
scanning electron microscope with an operating conditions as follows: voltage: 20 kV, 
high current mode on, aperture size of 60 μm and working distance 9-11 mm.
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Figure 5.27 Compressive stress-strain curves of bulk samples fabricated with 
simultaneously milled and manually mixed Mg-Nb mixture powders. All the graphs 
(a-d) are presented in (e). Unmilled and milled pure Mg represented as control 
materials.
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Figure 5.28 Compressive properties of bulk samples fabricated with simultaneously 
milled and manually mixed Mg-Nb mixture powders. Unmilled and milled pure Mg 
represented as control materials.
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Figure 5.29 Micro-hardness of simultaneously milled and manually mixed Mg-Nb 
composites. Unmilled and milled pure Mg are presented as control material.
Figure 5.30 shows the compressed samples of pure Mg as well as Mg-Nb and 
Mg-Ta composites failed in compression test. The buckling prior to fracture and 
splitting into two parts can be seen in all the samples. The fracture surface is also 
inclined at about 45° to the loading direction in all the samples.
Figure 5.31 displays the fractured surfaces of pure Mg as well as Mg-Nb and 
Mg-Ta composites. The fracture surfaces of pure Mg show a dominant brittle mode 
fracture. By addition of Nb to 2% (Figure 5.31b) rough fracture surfaces appeared on 
the surface, indicating mixed shear and brittle mode of fractures. The increase of Nb 
from 2% to 10% increases the failure strain about 10% and the ductility is increased 
accordingly (Figure 5.31d). The less rough surface in Mg2Nb (Figure 5.31b) and more 
shear regions in Mg10Nb (Figure 5.31d) are also an evidence for more dominant shear 
mode fracture in Mg10Nb. In Mg-Ta composites, it can be seen that the compressed 
fractured surface of Mg10Ta (Figure 5.31e) showed a less rough surface than that of 
Mg2Ta (Figure 5.31c), indicating that the fracture was altered from dominant shear to 
mixed shear and prominent brittle fracture mode with increasing Ta content. 
In high Nb- and Ta-content composites, i.e. in Mg30Nb and Mg30Ta, 
(Figure 5.31f and g, respectively) also mixed shear and brittle fracture modes can be 
134
CHAPTER FIVE MICROSTRUCTURAL CHARACTERISTICS AND … 
observed in which the shear fracture mode is more dominant. Some micro-cracks are 
also observed in high Nb- and Ta-content fractured surfaces.
The compressive fracture surfaces of pure Mg, Mg-Nb and Mg-Ta composites 
show a typical mixed mode fracture with prominent shear mode as well as brittle 
fracture. This is further supported by relatively rough surface as well as the presence 
of prominent shear bands. Typically, the less shear bands observed in pure Mg reveals 
the inability to deform plastically due to its HCP crystal structure (Sankaranarayanan, 
S et al. 2015) while in Mg2Ta and Mg10Nb (Figure 5.31c and d, respectively) more 
shear bands observed indicating more ductility. Moreover, higher work hardening rate 
of samples failed by shear bands leads to increase the strength of such composites 
which also confirms the compressive mechanical results (Sankaranarayanan, S. et al. 
2014). Fracture surface of Mg30Nb (Figure 5.31f) shows cracks around the 
agglomerated and large Nb particle. The presence of crack in the composites 
containing high volume fraction of reinforcements can be attributed to the high stress 
concentration around the reinforcement particles which accelerates micro-cracks 
initiation and propagation. This further supports that the fracture occurs at lower 
strength in composites containing high volume fraction of reinforcements 
(Jayalakshmi et al. 2014; Tszeng 1998).
Figure 5.30 Compressed samples of pure Mg, Mg-Nb and Mg-Ta composites failed 
in compression test.
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Figure 5.31 SEM images of fractured surfaces of (a) pure Mg, (b) Mg2Nb, (c) 
Mg2Ta, (d) Mg10Nb, (e) Mg10Ta, (f) Mg30Nb and (g) Mg30Ta composites under 
compression.
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5.4 Summary
The microstructural characteristics and mechanical properties of bulk samples 
were investigated for various conditions and materials.
High porosity and thick Mg particle boundaries can be observed in the
microstructure of bulks fabricated from unmilled pure Mg powders. The mechanical 
properties of such materials are reduced by increase in size of Mg particles. 
Mechanical milling reduces the porosity, introduces layered structure in the 
microstructures and improves the mechanical characteristics. The internal strain is 
increased in milled powders. Peaks broadening with prolonged milling times, in x-ray 
diffraction patterns, also indicates increase in internal strain and reduction in grain size 
of powders. However, this strain is released to some extent in bulks during sintering 
process. The longer the milling time the higher stored internal strain in powders and 
the higher released and residual strain in bulks can be achieved. The grain size is also 
larger in bulks fabricated from prolonged milled powders. The increase in milling time 
improves the mechanical properties; however, this increase is limited. 
In Mg-Nb and Mg-Ta composites, the microstructural features and mechanical 
properties are influenced by the type and content of reinforcement material as well as 
the procedure that reinforcement is added to Mg matrix. In both Nb- and Ta-containing 
Mg composites, uniform distribution of reinforcement material can be obtained 
through mechanical milling process. However, the increase in reinforcement content 
introduces large agglomerates of reinforcements in some compositions resulting in 
reduction of uniformity. Chemical composition experiments approve that no 
intermetallic compound is formed in the microstructures by addition of Nb and Ta as 
reinforcement materials in Mg matrix. Typically, the mechanical properties of Mg 
composites are improved by increase in reinforcement content; however, this 
improvement is different in various mechanical property and reinforcement type and 
content. Generally, Mg-Nb composites possess higher mechanical properties 
compared to Mg-Ta composites. The mechanical properties of Mg-Nb composites are 
improved in the increasing order of Mg2Nb > Mg10Nb > Mg20Nb composites; while 
in Mg-Ta composites, Mg2Ta and Mg20Ta possess higher mechanical properties. 
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As mentioned before, the procedure used to add reinforcement material to the 
Mg matrix also influences the mechanical properties. The addition of reinforcements 
through mechanical milling provides more uniform distribution of reinforcements. 
Moreover, reinforcements can be embedded inside the Mg powders resulting in the 
formation of inner-particle reinforcements with higher mechanical properties which 
are more significant in Mg composites containing 2 and 10% Nb. Manually mixed
Mg-Nb composites contain large particles as well as agglomerates of Nb and represent 
lower mechanical properties even than milled pure Mg.
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6 Chapter 6 - Microstructural and mechanical characteristics of 
porous pure Mg, Mg-Nb and Mg-Ta composites
This chapter reports the results of porous pure Mg as well as porous Mg-Nb and 
Mg-Ta composites with various spacer contents fabricated through PM process. The 
mechanically milled pure Mg, Mg-Nb and Mg-Ta mixture powders were used, with 
various amounts of reinforcement and space holder material, to fabricate porous 
specimens. Then, microstructural features and mechanical properties of porous 
specimens were characterized. The effect of reinforcement material and content, 
porosity and pore size on the microstructure and mechanical properties of foam 
samples was investigated.
6.1 Microstructural features of porous specimens
6.1.1 Microstructure of porous pure Mg
The 9 h milled pure Mg powder was mixed with various amounts of ammonium 
hydrogen carbonate (AHC) to fabricate porous pure Mg with various porosities 
through PM process. The microstructural features of pure Mg foams fabricated with 
various porosities are shown in Figure 6.1. Irregular-shape cells, including small 
isolated micro-pores (red arrows in Figure 6.1) as well as both isolated and 
interconnected macro-pores can be observed in the microstructures. The micro-pores 
are obtained from volume shrinkage of Mg powders during the sintering process (Wen 
et al. 2001). The macro-pores also come in various sizes due to utilizing AHC
with various particle sizes. The variability in dimension and shape of pores in 
fabricated foams is similar to that of bone tissue (Karageorgiou & Kaplan 2005). The 
macro-pores are significant for implants as they provide the transport of body fluids 
and bone ingrowth into the pores for further stability (Chang, Y-S et al. 1996;
Lefebvre, Banhart & Dunand 2008; Müller, U et al. 2006). As can be seen, the 
increases in content of space holder material increases the porosities in the 
microstructures. This can be further supported by porosity measurement in porous 
samples containing various amounts of AHC (Table 6.1). The porosity was measured 
through Archimedes method (AM) and Lineal Analysis (LA) technique. The increases 
in spacer material from 30 to 70% increases the porosity from ~32 to ~ 76%. Note that, 
the difference between AHC content and the porosity measured through image 
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analysis technique is increased with increasing spacer material. In other words, in 
porous samples containing 30% AHC, measured porosity is 32.1%, i.e. the difference 
is 7%; however, in porous samples containing 70% AHC, the porosity was measured 
as 76.1%, i.e. the difference is 8.7%. It can be deduced that, the porosity is increased 
at a higher rate in porous samples containing higher amount of spacer material 
compared to porous samples containing low amount of spacer material.
Figure 6.1 SEM images of porous pure Mg fabricated with (a) 30% AHC, (b) 40% 
AHC, (c) 50% AHC, (d) 60% AHC and (e) 70% AHC representing micro-pores (red 
arrows) and macro-pores.
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Table 6.1 The porosity of pure Mg samples, containing various amounts of AHC, 
measured through Archimedes (AM) and Lineal Analysis (LA) methods.
Pure 
Mg
30% 40% 50% 60% 70%
AM LA AM LA AM LA AM LA AM LA
Sa
m
pl
e 
1
19.3
32.8
33.5
44.7
47.2
62
61.5
72.2
81.9
81.6
33.1 46 55.5 69.5 77.2
36.8 44.4 58.1 64.6 94.7
31.8 45.8 57.5 66.7 87.4
32 43.6 55.8 75.4 82.2
Sa
m
pl
e 
2
20.8
31.3
30.7
45
46.4
56.9
65.6
68.3
82.3
80.9
34.1 44.6 52.9 58.6 88.6
35.2 41.3 59.6 75.8 86.9
30.8 44.8 55.9 69 84.1
38.1 43.8 53 68.2 88.7
Sa
m
pl
e 
3
17.4
33.6
29.3
46
43.7
63.7
63
71.3
77.4
78.2
34.8 46 54.2 65.3 77.6
31.6 45.1 58.9 75.5 75.1
31 45.4 54.8 69.9 84.5
32.5 44.3 52 73.5 78.3
Ave.
(%) 8.3 32.1 17.2 43.7 28.7 53.6 53.4 64.5 70.7 76.1
STD.
Dev. 1.7 2.2 2.1 1.2 1.8 3.3 2.1 4.7 2.7 5.5
Ave.: Average, STD Dev.: Standard Deviation
The higher porosity than amount of spacer material utilised in porous samples 
containing high amount of space holder material can be ascribed to the strength of cell 
walls and cell edges. In such specimens the thickness of cell walls are less than that of 
samples containing lower amount of spacer material, resulting in collapse of cell walls 
more easily during the removing stage of spacer material. As can be seen in 
Figure 6.2a, the cell wall thickness in PMg-30%AHC is about 150-300 μm which is 
reduced to around 80-200 μm in PMg-50%AHC samples (Figure 6.2b). The increase 
of AHC to 70% (Figure 6.2c and d) reduces the cell wall thickness to around 35-90
μm which is in size of one Mg particle in some areas (Figure 6.2d). Note that, in
PMg-70%AHC porous samples, it is hard to detect and measure the cell walls. In
70% AHC-containing porous samples (porosity of 76.1%) (Figure 6.1e and 
Figure 6.2c), the pores are connected to each other thoroughly. However, pores are 
sporadic and separated in porous samples containing 30% AHC (porosity of 32.1%) 
(Figure 6.1a and Figure 6.2a). In other words, the connection between pores is reduced 
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and the number of isolated pores is increased by decrease in spacer material. In 30 and 
40% AHC-containing porous samples (Figure 6.1a and b, respectively) the number of 
isolated pores is significantly higher than that of other porous samples (Banhart, John 
2001; Wen, C et al. 2004).
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Figure 6.2 SEM images of porous pure Mg fabricated with (a) 30% AHC, (b) 50% 
AHC, (c) and (d) 70% AHC.
The difference in porosity measured by Archimedes method and Lineal Analysis 
technique can also be related to the connection of pores in specimens. AM measures 
the porosities can be filled with the fluid in which specimen is submerged. Therefore, 
143
CHAPTER SIX MICROSTRUCTURAL AND MECHANICAL …
only surface porosities or interior porosities that are connected to the surface porosities 
can be counted by this method. In specimens containing low amount of AHC and 
consequently low porosity, since pores are not connected to each other only surface 
pores are considered as porosity in AM; however, in high-AHC-content samples 
representing high porosity and more number of connected pores, fluid can penetrate 
into the pores. Thus, in such samples, the interior pores are also considered as porosity 
by AM. Therefore, the difference between porosity measured by AM and LA is 
reduced in high-AHC-content samples. According to this deference, in porous samples 
containing 30% AHC, about 74% of pores -not detected by AM- are isolated and not 
connected to each other; while in specimens containing 70% AHC, only 7% of pores 
are considered as isolated pores.
Pore size measurement of porous samples (Table 6.2) also shows that the average 
of pore size in 30 and 70% AHC-containing porous samples is about 309 and 363 μm, 
respectively. Thus, the increase in AHC also increases the size of pores in porous 
samples. Moreover, the standard deviation of measured values are higher in high
AHC-content samples compared to porous samples with low AHC, indicating the size 
of pores are more scattered in former samples than that of latter. In other words, the 
pore sizes in PMg-70%AHC samples is more distributed than that of PMg-30%AHC 
samples. The higher size of pores in high-AHC-content samples can also be related to 
the weakness and consequently collapse of cell walls which join the pores together and
subsequently increase the size of pores. Higher magnification of porous pure Mg 
samples is shown in Figure 6.3. As can be seen, in 30% AHC-containing porous 
samples the Mg particles are sintered and joined together very well. The increase in 
AHC content introduces and increases the gaps between Mg particles. In other words, 
the increase in AHC splits the Mg particles and avoid proper sintering. Significant 
gaps between particles can be observed in 60 and 70% AHC-containing porous 
samples (Figure 6.3d and e, respectively).
Table 6.2 The size of pores in porous pure Mg containing various amounts of AHC.
AHC content 
(wt %)
30 40 50 60 70
Average of pore 
size (μm)
309 ± 81 315 ± 113 341 ± 135 349 ± 157 363 ± 169
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Figure 6.3 High magnification of porous pure Mg samples shown in Figure 6.1. (a) 
30% AHC, (b) 40% AHC, (c) 50% AHC, (d) 60% AHC and (e) 70% AHC.
The lack of proper sintering and connection of Mg particles in
high-AHC-content samples can be ascribed to the amount of AHC decomposed
during the heating stage. In the heating stage of foam fabrication, space holder
material is decomposed to carbon dioxide and water vapour (Equation 6.1) (Patnaik 
2003) and is removed from green compacts through connected pores and
also through the gaps between powder particles. Fresh and highly active surface
of Mg, obtained through milling of powders, is exposed to the decomposition
products and form magnesium oxide (MgO), resulting in undesirable sintering
and improper adhesion of Mg particles. The more the space holder material
is used the larger area of Mg particles is oxidized and the more MgO is
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Figure 6.4 X-ray diffraction patterns of porous pure Mg containing various amounts 
of AHC.
produced (Bi, Zheng & Li 2015; ýDSHN 	 9RMWČFK ; Cay, Xu & Li 2013).
X-ray diffraction patterns of porous pure Mg containing various amounts of AHC is 
shown in Figure 6.4. As can be seen, magnesium oxide (MgO) is detected in the 
samples which is increased by increasing AHC content.
ܰܪସܪܥܱଷĺܰܪଷ +  ܪଶܱ +  ܥܱଶ Equation 6.1
6.1.2 Microstructure of porous Mg composites
According to the microstructural observations and porosity and pore size 
measurements, 50% AHC was selected as optimum spacer content. Thus, porous
Mg-Nb and Mg-Ta composites were fabricated using 50% AHC to investigate the 
effect of reinforcement material and content on the porosity and pore size of samples. 
Figure 6.5 shows the microstructure of porous Mg composites fabricated with 
50% AHC. Larger Nb particles can be observed in the microstructure of Mg5Nb 
compared to that of Mg2Nb and Mg10Nb composites. In Mg-Ta porous composites 
also Ta particles can be seen although the size of particles are smaller than that of Nb 
particles. The SEM images of high-reinforcement-content porous composites, i.e. 
Mg10Nb and Mg10Ta, are shown in Figure 6.6 in higher magnification. As can be 
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seen the cell edges are weak and instable in the vicinity of pores resulting in more 
connected pores in the microstructures. 
Figure 6.5 SEM images of porous Mg composites fabricated with 50% AHC: (a) 
Mg2Nb, (b) Mg5Nb, (c) Mg10Nb, (d) Mg2Ta, (e) Mg5Ta and (f) Mg10Ta.
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Figure 6.6 SEM images of porous (a) Mg10Nb and (b) Mg10Ta composites 
fabricated with 50% AHC in high magnification showing weak and instable cell 
walls in the vicinity of pores (red arrows).
The porosity and pore size measurements of porous Mg composites are shown 
in Table 6.3. In porous Mg-Nb and Mg-Ta composites, the pore size is increased by 
7.6 and 4.4% when Nb or Ta content, respectively, increases from 0 to 20%. The 
porosity is consequently increased by 8.5 and 5.7% when Nb or Ta content,
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respectively, increases from 0 to 20%. As can be seen, the rate of increase in porosity 
and pore size is less in Mg-Ta than that of Mg-Nb composites. The pore size 
distribution of pure Mg and Mg composites is shows in Figure 6.7. As can be observed, 
the size of pores is larger and more distributed in Mg composites containing high 
amounts of reinforcement material than that of pure Mg and Mg composites containing 
2% reinforcement. Addition of reinforcement material to Mg matrix moves the 
histogram to the right side and broadens the distribution normal curves, indicating 
larger size of pores and more scattered pore sizes in the microstructures, respectively. 
According to the microstructural observations, 2% Nb or Ta was selected as the 
optimum composition for porous Mg composites. Then, Mg2Nb powder was mixed 
with 50% of two different particle sizes of space holder material, i.e. 300-500 μm and 
500-800 μm AHC, to fabricate porous Mg2Nb-50% AHC with two various ranges of 
pore sizes. Figure 6.8 shows the microstructure of such porous composites with two 
different pore size ranges. The pores are more isolated and separated from each other 
in porous sample prepared with 300-500 μm AHC particles (Figure 6.8a) compared to 
porous composite prepared with 500-800 μm AHC particles (Figure 6.8b). The 
porosity and pore size of porous Mg2Nb samples with various particle sizes of AHC 
are represented in Table 6.4. The porosity does not change remarkably; however, the 
pore size is increased by increase in size of AHC particles.
Table 6.3 The porosity and average pore size of porous Mg composites,
containing 50% AHC and various amounts of Nb or Ta reinforcements,
measured by LA method.
Reinforcement material
Reinforcement 
content (wt %) Nb Ta
Porosity 
(%)
0 (pure Mg) 53.6 ± 3.3
2 53.8 ± 2.5 53.3 ± 2
5 56.3 ± 4.1 55.3 ± 1.8
10 57.7 ± 3.9 56 ± 2.5
20 58.2  ± 2.2 56.7 ± 1.3
Average of 
pore size 
(μm)
0 (pure Mg) 341 ± 135
2 342 ± 108 342 ± 109
5 356 ± 156 350 ± 134
10 364 ± 141 354 ± 139
20 367 ± 150 356 ± 141
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Figure 6.7 The pore size distribution of porous pure Mg and Mg composites 
containing 50% AHC.
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Figure 6.8 SEM images of porous Mg2Nb-50%AHC composite fabricated with two 
different ranges of particle size of AHC: (a) 300-500 μm and (b) 500-800 μm.
Table 6.4 The porosity and average pore size of porous Mg2Nb-50%AHC
composite, fabricated with various ranges of particle size of AHC,
measured by LA method.
AHC particle 
size (μm) 300-500 500-800
Porosity (%) 53.8 ± 2.5 83.4 ± 3.3
Average of pore 
size (μm)
342 ± 108 557.5 ± 124
6.2 Compression properties of porous specimens
The compressive loading was carried out to obtain the compressive stress-strain 
response of porous samples. The compressive stress was calculated using the load data 
and original sample sizes. The strain, at elastic region, was calculated from 
displacement of the signs on the sample, obtained from laser extensometer, and 
original gauge length. At plastic region, the strain was calculated from displacement 
of jaws and original gauge length.
6.2.1 Compression of porous pure Mg
Compression stress-strain curves of porous pure Mg specimens fabricated with 
various amounts of AHC and subsequently various porosities are shown in Figure 6.9.
The curves are characterized by an initial elastic region reaches to a peak stress, a stress 
drop and a long plateau region with a nearly constant flow stress, terminated by a 
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densification region where the flow stress increases rapidly. This overall behaviour is 
characteristic of ductile metallic foams (Banhart & Baumeister 1998; Chino & Dunand 
2008; Davies & Zhen 1983; Esen & Bor 2007; Wen et al. 2000; Yamada et al. 2000).
The compression properties including yield strength (YS), ultimate compressive 
strength (UCS) or peak stress, plateau stress and densification of porous Mg specimens 
vary regarding to porosity and are presented in Figure 6.10.
As expected, the compression properties are reduced by increase in porosity. The 
0.2% YS of porous samples is reduced from 29.2 to 1.6 MPa while peak stress (UCS) 
is decreased from 54 to 1.71 MPa by increase in porosity from 32.1 to 76.1%, 
respectively. However, the densification is increased by increase in porosity. The 
mechanical properties of fabricated porous Mg in this study is higher than that of Mg 
foams fabricated by other researchers using PM process (Bi, Zheng & Li 2015; ýDSHN
	9RMWČFK; ýDSHN-	9RMWČFK'; Cay, Xu & Li 2013; Han et al. 2008;
Hao, Han & Li 2009; Hao, GL et al. 2007; Kikuchi et al. 2005; Seyedraoufi & 
Mirdamadi 2013; Wen et al. 2001; Wen, C et al. 2003, 2004; Zhang, X et al. 2014;
Zhuang, Han & Feng 2008). The mechanical properties of currently investigated foams 
are close to that of natural bone (An et al. 2012; Karageorgiou & Kaplan 2005; Pope 
& Outwater 1974; Reilly & Burstein 1975; Saha 1977; Turner, Wang & Burr 2001;
Wen, CE et al. 2002).
Figure 6.9 Compression stress-strain curves of porous pure Mg fabricated with 
various amounts of AHC (wt %) [porosity (%)].
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Figure 6.10 Compression properties of porous pure Mg fabricated with various 
amounts of AHC.
The decrease in mechanical properties by increase in content of spacer material 
can be ascribed to both higher porosity and larger pore size obtained by utilizing high 
content of space holder material (Table 6.1 and Table 6.2) (Bi, Zheng & Li 2015; Hao, 
Han & Li 2009; Wen, C et al. 2004; Zhuang, Han & Feng 2008). In PMg-30%AHC 
samples, the porosity measured by LA as 32.1% and according to the difference of 
measured porosity by AM and LA, around 74% of pores are isolated. However, in 
PMg-70%AHC samples most of the pores (93%) are open and connected to each other. 
Therefore, PMg-30%AHC can be considered as a closed-cell foam. In closed-cell 
foams, the cell edges bend and cell walls stretch which increases the contribution of 
the axial cell wall stiffness to the elastic moduli. Moreover, the compression of the 
AHC decomposition products which is trapped within the cells also increases the 
stiffness. The increase in AHC increases the porosities and consequently enhances the 
connection of pores, obtaining open-cell foams. In open cell foams, elastic deformation 
is governed primarily by cell wall bending. Since in high-AHC-content samples, the 
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cell walls are thin and weak (Figure 6.2c and d) the deformation occurs at very low 
stresses (Gibson & Ashby 1999).
The linear elasticity in foams is limited to small strains, typically 5% or less. 
When the foams be loaded beyond the linear elastic regime, they collapse plastically 
and represent a plastic yield point which is followed by a long horizontal plateau in 
stress-strain curves (Figure 6.9). The plateau in compressive loads is associated with 
collapse of the cells and formation of plastic hinges in yielded foam. Further strain 
causes the cells collapse almost completely and opposing cell walls meet and touch. 
The increase in strain compresses the solid itself, providing the final region of the 
strain-stress curve in which the stress increases rapidly, called densification region. 
Decrease in porosity of the foams raises the plateau stress and reduces the strain at 
which densification starts (Ashby 2006; Gibson & Ashby 1999).
The mechanical properties of porous pure Mg fabricated in this study compared 
with the model predicated by Gibson and Ashby (Gibson & Ashby 1999; Wen et al. 
2001). According to their model, the most crucial parameter which characterizes the 
structure of a cellular material and influences the plateau stress and the elastic modulus 
is relative density, ߩ ߩ௦Τ (the density of the foam ߩ, divided by the density of the solid 
material ߩ௦); this statement demonstrates weather the cells of foam are open or closed. 
As predicated by Gibson and Ashby, the plateau stress of foam, ߪ௣௟, is proportional to 
the yield stress of the cell edge of solid material, ߪ௬௦, of which the foam is made and 
the three-seconds power of the relative density. The relationship between the relative 
density and plateau stress is given as (Gibson & Ashby 1999):
ߪ௣௟ ߪ௬௦Τ = ܥ(ߩ ߩ௦Τ )ଷ/ଶ Equation 6.2
Where C is a constant of 0.3 obtained from the data of cellular metals and 
polymers. Theoretical data, calculated by substituting the values of relative density of 
currently studied porous pure Mg -with various porosities- into this equation using 
yield stress of pure Mg (ߪ௬௦ = 21 ܯܲܽ) (Avedesian & Baker 1999), were summarized 
and compared with experimental data in Table 6.5.
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Table 6.5 Comparison of theoretical and experimental compressive properties data 
obtained from Gibson and Ashby model and current study, respectively.
Porosity 
(%)
Foam 
Density 
(݃ ܿ݉ଷΤ )
Theoretical 
Plateau Stress 
(MPa)
Experimental 
Plateau Stress
(MPa)
32.1 1.181 3.523 46.85
43.7 0.980 2.663 23.4
53.6 0.807 1.990 16
64.5 0.618 1.334 4.75
76.1 0.416 0.736 0.81
As can be seen, the experimental plateau stress of the porous pure Mg is higher 
than that of theoretical data. The difference in experimental and theoretical data can 
be ascribed to the different deformation behaviours between the experimental and 
theoretical assumptions. The porosity of the Mg foams also can be considered as a 
crucial reason for this deviation. Because the Gibson and Ashby model (Equation 6.2)
is applied to metal foams with a porosity of 70% and higher. As can be seen in
Table 6.5, the deviation between theoretical and experimental data is reduced by 
increase in porosity of the porous Mg (Gibson & Ashby 1999; Wen et al. 2001; Wen 
et al. 2000).
6.2.2 Compression of porous Mg composites
To investigate the effect of material and content of reinforcement on the 
compression properties of porous composites, porous Mg2Nb, Mg5Nb and Mg10Nb 
and Mg2Ta, Mg5Ta and Mg10Ta composites were universally compressed and 
compression response was obtained. The compression stress-strain curves and 
compression properties of Mg composites are shown in Figure 6.11 and Figure 6.12,
respectively. 
The composite stress-strain curves (Figure 6.11) resemble the porous pure Mg 
and ductile metallic foams curves. They represent an initial elastic region and a peak 
stress which is followed by a stress drop and a long plateau region and finally a 
densification region. As can be seen, the stress-strain curves descend by increase in 
reinforcement content. According to the compressive properties (Figure 6.12), the 
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peak stress of porous Mg-Nb composites is increased by 9% at 2% Nb compared to 
porous pure Mg and then decreased by 48% by addition of Nb to 20%. The 0.2% YE 
is reduced by 47% with increasing Nb content from 0 to 20%. The compression 
properties of porous Mg-Ta composites are also reduced by increase in Ta content. 
The 0.2% YS and UCS is reduced by 23% and 31%, respectively, by addition of Ta to 
20% comparing to pure Mg.
Figure 6.11 Compression stress-strain curves of porous Mg-Nb and Mg-Ta 
composites fabricated with 50% AHC.
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Figure 6.12 Compression properties of porous Mg-Nb and Mg-Ta composites 
fabricated with 50% AHC.
Decrease in mechanical properties of porous composites with increasing 
reinforcement content can be ascribed to the presence of porosity and amount of
outer-particle reinforcement particles. As described in Chapter 4, mechanical milling 
embeds some reinforcement particulates into the Mg particles due to fracturing and 
cold welding of Mg powders during milling process. However, some particulates of 
reinforcement cannot be inserted into Mg particles and remain outside, forming
outer-particle reinforcements. The outer-particle reinforcements (OP-Nb) can be easily 
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observed on the surface of Mg powders within the pores in porous Mg composites 
(Figure 6.13). The number of outer-particle reinforcements is increased by increase in 
reinforcement content. The more the number of outer-particle reinforcements the more 
the outer surface area of Mg powders is covered by reinforcements, resulting in less 
surface area of Mg powders meet and contact to each other in the pressing stage of 
powders to green compact. The surface-melted Mg particles, obtained in sintering 
stage, also cannot be joined together thoroughly and remain separated is some regions 
where occupied by reinforcement particles, generating some gaps. The more 
reinforcement material between Mg particles introduce more gaps between the Mg 
particles. The schematic in Figure 6.14 shows the outer-particle reinforcements cover
the outer surface of Mg powder inhibiting their connection.
Figure 6.13 Outer-particle Nb particulates inside a pore in a porous
Mg20Nb-50%AHC composite and detected oxygen on the surface of Mg particle.
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Figure 6.14 Schematic showing outer-particle reinforcements cover outer surface of 
Mg powders inhibiting Mg powders to connect properly.
As mentioned before, in the heating stage of foam fabrication, the
oxygen -generated due to space holder material decomposition (Equation 6.1)- oxidize 
the Mg surfaces immediately after exposure to the decomposition products 
(Figure 6.13), resulting in formation of MgO on the surface of Mg particles. The 
sintering of Mg powders is significantly inhibited by stable magnesium oxide layer 
due to its high melting point, leading to undesirable adhesion of Mg particles (ýDSHN
	9RMWČFK; Wolff, Ebel & Dahms 2010; Zulkoffli, Syarif & Sajuri 2009). The 
more gaps between Mg particles, developed due to outer-particle reinforcements, 
causes larger oxidized surface area and more inappropriate adhesion of Mg powders. 
On the other hand, the mixing of powders with space holder material which introduces 
porosity in the structure also results in decrease in contact surface area of Mg powders 
to each other.
Therefore, the more the reinforcement contents resulting in more gaps from one 
hand and more space holder material leading to more generated oxygen and larger 
oxidized surface area associated with more porosity and less connection of Mg 
powders from another hand cause insufficient connection of Mg powders to each other. 
Accordingly, in high-reinforcement-content composites, the cell walls and cell edges 
are weaker and more unstable especially in the vicinity of pores and start sliding and 
collapse under low loads or at early stages of compression, resulting in decrease in 
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mechanical properties. The weakness and instability of cell walls and cell edges in 
porous Mg composites containing higher amount of reinforcement (in a specific 
amount of AHC) is further supported by SEM images (Figure 6.6) and porosity and 
pore size measurements (Table 6.3) in such porous samples. As can be seen, in porous 
composites containing 50% AHC, the increase in reinforcement content increases the 
pore size and consequently porosity of porous samples. The lower plateau stress in 
porous composites than pure Mg which is related to the increase of the pore size and 
porosity is in agreement with the results reported by Miyoshi et al. for aluminum foams 
(Miyoshi et al. 2000) and Wen et al. for Mg foams (Wen, C et al. 2003, 2004).
The higher mechanical properties of Mg composites containing 2% 
reinforcement than porous pure Mg and other composites (Figure 6.11 and
Figure 6.12) can be related to the amount of inner-particle reinforcements. In porous 
Mg2Nb and Mg2Ta composites, most of the reinforcement particles are embedded into 
Mg particles and covered by Mg layers during milling process. Therefore, high 
strength Mg-reinforcement composite particles can be obtained. Moreover, the 
proportion of inner-particle to outer-particle reinforcements is increased or in other 
words, the content of outer-particle reinforcements is reduced. Thus, the less surface 
area of Mg powders is covered by reinforcements and the less gaps are originated 
accordingly. Therefore, superior bonding between high strength Mg composite 
particles can be achieved during sintering process, resulting in higher mechanical 
properties.
According to the mechanical characteristics of porous composites (Figure 6.11
and Figure 6.12), it can be deduced that the position of mechanical properties of 
composites are shifted relating to each other by change of reinforcement material and 
increase in reinforcement content. In other words, the mechanical properties of porous 
Mg-Nb are higher than Mg-Ta composites when the reinforcement content is less than 
10%. In contrast, the mechanical properties of Mg-Ta are higher than Mg-Nb 
composites when the reinforcement content is higher than 10%. The higher mechanical 
properties of porous Mg10Ta and Mg20Ta than Mg10Nb and Mg20Nb, respectively, 
can be attributed to the size of reinforcement particles. According to the measurements, 
the size of milled Nb particles (~15 μm) are about two times larger than that of milled 
Ta particles (~6 μm). So, the gaps originated due to outer-particle Nb particulates are 
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expected to be more frequent and larger than that of Ta particulates, resulting in more 
suitable regions for crack initiation and propagation. Therefore, position of curves in 
compressive properties (Figure 6.12) is changed, setting the properties of Mg-Ta 
higher than that of Mg-Nb composites. Note that, the difference in mechanical 
properties of porous Mg composites is raised by increase in reinforcement content.   
To investigate the mutual effect of reinforcement content and porosity on the 
compression properties of porous composites more precisely, the compression curves 
and properties of porous pure Mg as well as Mg2Nb and Mg20Nb were adjoined and
presented in Figure 6.15. As can be seen, in porous samples containing 30% AHC 
(Figure 6.15a), Mg2Nb represents higher mechanical properties than that of pure Mg 
and Mg20Nb. UCS of pure Mg is also higher than that of Mg20Nb which is in contrast 
to results obtained from bulk samples (Figure 5.24 and Figure 5.25). In samples 
containing 40% AHC (Figure 6.15b), properties of Mg2Nb are still higher than that of 
two other materials and UCS of pure Mg is also still higher than that of Mg20Nb. 
However, the 0.2% YS of Mg20Nb is reduced and is close to pure Mg which was 
higher than pure Mg in 30% AHC-containing samples. In samples containing 50% 
AHC (Figure 6.15c), mechanical properties of Mg2Nb is nearly close to that of pure 
Mg and both are higher than that of Mg20Nb. Increase in AHC to 60% (Figure 6.15d) 
changes the position and status of properties in porous specimens. In these samples, 
mechanical properties of pure Mg take an advantage of Mg2Nb and Mg20Nb, i.e. 
mechanical properties of pure Mg is higher than that of two other materials. Increase 
in AHC to 70% (Figure 6.15e) and subsequent porosity in samples, enhances the 
difference of mechanical properties between pure Mg and Mg composites. In other 
words, in porous samples containing 70% AHC, all the mechanical properties (YS and 
UCS) of pure Mg are improved and increased comparing to Mg2Nb and Mg20Nb 
composites which is in contrast to bulk samples.
Accordingly, it can be deduced that introduce of reinforcement in Mg matrix 
changes the mechanical properties of bulk and porous Mg samples in different 
methods. In other words, introduce of porosity in Mg matrix alters the effect of 
reinforcements on the mechanical properties of Mg material. In samples prepared with 
specific amount of space holder material, the increase in reinforcement content reduces 
the mechanical properties. As observed for porous pure Mg, the increase in porosity 
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reduces the mechanical properties; however, the rate of reduction in pure Mg and Mg 
composites is different. The increase in porosity and reinforcement material, 
simultaneously, enhances the rate of reduction of mechanical properties. In other 
words, decline of mechanical properties in porous Mg composites containing higher 
contents of reinforcement is higher than that of porous pure Mg and this reduction is 
enhanced by increase in porosity (Figure 6.16). Therefore, porous Mg20Nb composite 
represents lower mechanical properties than pure Mg in higher porosities.
Porous Mg2Nb composites fabricated with various particle sizes of AHC were 
uniaxially compressed to obtain the compression stress-strain curves and investigate 
the effect of pore size on the compression properties of porous composites. As can be 
seen in Figure 6.17, the compression properties of porous Mg2Nb composites 
fabricated with 300-500 μm AHC are higher than that of porous composites fabricated 
with 500-800 μm AHC. This behaviour, i.e. the reduction of compression properties 
of porous Mg2Nb with increase in pore sizes, is similar to that of porous pure Mg 
expressed by other researchers (Wen, C et al. 2004).
6.3 Fractography
To study the fracture surfaces of materials and determine the cause of failure in 
porous Mg/Mg-composites, porous pure Mg and Mg20Nb composite fabricated with 
50% AHC (porosity of 53.6% and 58.2%, respectively) were selected. The samples 
were compressed uniaxially to 4% strain. They then were cut transversely and the 
fractured surfaces were washed ultrasonically with ethanol for 10 min. The collapsed 
(disintegrated) parts of porous samples were also collected and washed ultrasonically 
for longitudinal observations. The fractography was carried out on the fractured 
surfaces using Zeiss Supra 55 VP scanning electron microscope with an operating 
conditions as follows: voltage: 20 kV, high current mode on, aperture size of 60 μm 
and working distance 9-11 mm.
Figure 6.18 shows the compressed samples of porous pure Mg failed in 
compression test to 4% strain in different magnifications. As can be seen, in pure Mg
samples (Figure 6.18a) the cell edges are intact and there is no serious rupture in cell 
edges; however, the cell walls (Figure 6.18b) collapse or start breaking down. 
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Figure 6.15 Compression stress-strain curves and properties of porous pure Mg, 
Mg2Nb and Mg20Nb composites fabricated with various amounts of AHC.
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Figure 6.16 The difference in mechanical properties decline in porous pure Mg and 
porous Mg20Nb. Note, in pure Mg the rate of decrease in mechanical properties by 
increase in porosity is lower than that of Mg20Nb samples.
The longitudinal view of collapsed parts obviously shows the compressed cells 
(Figure 6.19a). The cracks have initiated from pores and propagated throughout the 
cell walls perpendicular to the loading direction (Figure 6.19a and b).
In metallic foams the increase in load results in buckling of cell walls. When 
open cell foam is loaded in compression, the cell walls start bending first and then 
buckling. In such foams the failure occurs when the load, applied on the cell walls, 
exceeds the strength of cell walls. The failure is localized in a band perpendicular to 
the loading direction and propagates throughout the foam with increasing stress and 
strain. By increase in load, the plastic collapse is occurred and plastic hinges are 
created. The crack observed in Figure 6.18b initiated from pore edge and propagated 
throughout the cell wall transverse to the loading direction.
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Figure 6.17 Compression stress-strain curves and properties of porous
Mg2Nb-50%AHC composites fabricated with various particle sizes of AHC.
Figure 6.18 Cross section of fractured surfaces of porous pure Mg-50% AHC 
showing no crack in cell edges but in cell walls (red arrow).
In porous Mg20Nb composite failed in compression test to 4% strain 
(Figure 6.20), in contrast to pure Mg, both cell edges and cell walls contribute in 
failure. The cell edges in Mg20Nb are thinner and more instable than that of porous 
pure Mg samples. Therefore, the cell edges also start breaking down during 
compression, facilitate the failure and fracture of porous samples. 
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Figure 6.19 Longitudinal view of fractured surfaces of porous pure Mg-50% AHC 
representing (a) cracks (red arrows) transverse to the loading direction propagating 
throughout the cell walls, (b) is region I in (a) in higher magnification and (c) a crack 
in cell wall propagating across the Mg particle (intergranular propagation).
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Moreover, in high-reinforcement-content Mg composites, the cracks start not 
only from the pores (black arrows in Figure 6.20c) but also from Nb particles (red 
arrows). As can be seen in Figure 6.20c and d, cracks initiate and propagate from the 
gaps around the outer-particle Nb particulates (red arrows). Thus, in porous 
composites containing higher amounts of reinforcement, in addition to pores the
outer-particle reinforcements, i.e. the gaps around the outer-particles, also initiate and 
facilitate the cracks to propagate. The longitudinal views (Figure 6.21) also show
that theses cracks are distributed throughout the porous structure and
propagate not only in cell walls but also in cell edges and cell hinges. The red arrows 
in Figure 6.21 shows the cracks initiated and propagated in cell edges and hinges in 
porous Mg20Nb-50% AHC composite.
Furthermore, the presence of outer-particle reinforcements on the outer surface 
of Mg powders as well as higher strength of Mg-reinforcement composite particles
(i.e. reinforcement-inserted Mg powders obtained through milling process) causes the 
Mg powders start sliding under compressive loads. Hence, cracks that initiated
at cell walls or pores proceed and propagate simply between Mg powders
(interstitial-particle-cracks). However, in porous pure Mg samples in which Mg 
powders are pure and possess lower strength than Mg-reinforcement composite 
particles, the propagation of cracks occurs inside the particles as well (inter-particle-
cracks). Figure 6.19c shows a crack propagated into Mg particle in porous pure Mg; 
however, Figure 6.21 represents cracks propagated between Mg powders. Although 
one must note that, in porous pure Mg also interstitial-particle-cracks is more dominant 
compared to inter-particle-cracks.
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Figure 6.20 Cross section of fractured surfaces of porous Mg20Nb-50% AHC 
showing (a) and (b) collapsed cell edges, (c) and (d) region I and II, respectively, in 
(b) in higher magnification representing gaps and cracks (red arrow) generated and 
initiated adjacent to the Nb particles and propagated in cell edges in the vicinity of 
Nb particles.
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Figure 6.21 Longitudinal view of fractured surfaces of porous Mg20Nb-50% AHC 
representing (a) cracks (red arrows) transverse to the loading direction propagated 
throughout the cell edges and cell walls, (b) is region I in (a) in higher magnification 
and (c) another area in fractured surface representing crack in cell edge.
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6.4 Summary
The microstructural characteristics and mechanical properties of porous samples 
were investigated for pure Mg and Mg composites containing various amounts of 
reinforcement material.
In the microstructure of all porous pure Mg and Mg composites, irregular-shape 
cells including small isolated micro-pores as well as both isolated and interconnected 
macro-pores can be observed. The micro-pores are obtained from volume shrinkage 
of Mg powders during the sintering process and various sizes of macro-pores are 
obtained due to utilizing AHC with various particle sizes. The variability in dimension 
and shape of pores in fabricated foams is similar to that of bone tissue. The increases 
in content of space holder material increases the porosities and the pore sizes in the 
microstructures. The connection between pores is also reduced and the number of 
isolated pores is increased by decrease in content of spacer material. The porosity and 
pore size are increased at higher rate in porous samples containing higher amount of 
spacer material compared to porous samples containing low amount of spacer material 
which is relating to the strength of cell walls and cell edges. The increase in AHC splits 
the Mg particles and avoid proper sintering. The rate of increase in porosity and pore 
size with increasing content of spacer material is even higher in Mg composites 
compared to pure Mg. The size of pores is larger and more distributed in Mg 
composites containing high amounts of reinforcement material than that of pure Mg 
and Mg composites containing 2% reinforcement.
The compression stress-strain curves of porous pure Mg and Mg composites are 
consistent with the behaviour of ductile metallic foams. Generally, compressive 
properties of all pure Mg and Mg composites are reduced by increasing porosity and 
pore size; however, the densification is increased. The mechanical properties of 
fabricated porous Mg in this study is higher than that of Mg foams reported by other 
researchers used PM process and are close to that of natural bone. The decrease in 
mechanical properties by increase in content of spacer material can be ascribed to both 
higher porosity and larger pore sizes obtained by utilizing high content of space holder 
material. 
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In porous Mg composites, the compression properties are also reduced by 
increase in reinforcement material which is relating to the presence of porosity and 
amount of outer-particle reinforcement particles. In high-reinforcement-content 
composites, the cell walls and cell edges are weaker and more unstable especially in 
the vicinity of pores and start sliding and collapse under low loads or at early stages of 
compression, resulting in decrease in mechanical properties. The comparison of the 
mechanical properties in bulks and foams shows that introduce of reinforcement in Mg 
matrix changes the mechanical properties of bulk and porous Mg samples in different 
methods. In other words, introduce of porosity in Mg matrix alters the effect of 
reinforcements on the mechanical properties of Mg material. In porous samples 
prepared with specific amount of space holder material, the increase in reinforcement 
content reduces the mechanical properties. In porous pure Mg samples the cell walls 
collapse or start breaking down; however, in porous composites, both cell edges and 
cell walls contribute in failure.
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7 Chapter 7 - Biocorrosion of bulk pure Mg, Mg-Nb and Mg-Ta 
composites
This chapter reports the biocorrosion behaviour of bulk specimens including 
bulk pure Mg as well as Mg-Nb and Mg-Ta composites. Pure Mg powders with three 
different ranges of particle size were selected; one type of pure Mg powder (type 2 
with average particle size of ~ 113 μm) was ball milled for various milling times; 
mixtures of Mg-Nb and Mg-Ta powders with various amounts of reinforcement 
prepared through mechanical milling or manual mixing. Then, bulk samples fabricated 
from above-mentioned powders via PM process. Finally, biocorrosion and 
biodegradation behaviours of bulk samples were characterized using hydrogen 
evolution method, electrochemical measurement and ion release analysis. Therefore, 
the effect of particle size of pure Mg powders, mechanical milling, milling time as well 
as reinforcement material and content on the biocorrosion properties of bulk samples 
was investigated.
7.1 Corrosion properties of Mg and Mg composites in SBF
7.1.1 Corrosion properties of bulk pure Mg
Bulk samples were prepared from pure Mg powders with various ranges of 
particle size (average particle sizes of 50, 113 and 345 μm). Then, the biocorrosion 
behaviour of samples were characterized. Figure 7.1 represents the evolved hydrogen 
volume and the pH of solutions during the immersion test of unmilled pure Mg samples 
in m-SBF at 37 °C for 192 h (8 days). As can be seen, in all three samples there is an 
incubation period with a low corrosion rate which is followed by an instantaneous 
corrosion rate. This incubation period is different for various samples. For instance, 
the evolved hydrogen of bulks fabricated from type 1 Mg powder is increased after 12 
h; however, this increase occurs at about 60 h immersion for type 2. Bulks prepared 
from type 3 Mg powder possess the lowest evolved hydrogen among all the three Mg 
types investigated. In other words, the increase in particle size of Mg powders reduces 
the hydrogen evolved during the immersion test. The pH is also increased by increase 
in immersion time and reduction in particle size. The rate of this increase is higher in 
type 1 Mg powder with fine particles and is reduced by increase in particle size. There 
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is also an incubation period followed by instant increase in solutions pH which is 
almost consistent with variation of evolved hydrogen. 
Figure 7.2a shows the weight loss rate of pure bulk Mg samples after the 
immersion tests. The weight loss for Mg type 1 is 31 ݉݃ ܿ݉ଶΤ per day, which is 11.6 
times higher than that of Mg type 3 (2.68 ݉݃ ܿ݉ଶΤ per day). The degradation rates, 
based on hydrogen evolution and weight loss (Figure 7.2b), were calculated according 
to Equation 3.4 and Equation 3.6 , respectively. It can be seen that, Mg type 3 
represented the lowest degradation rate among all the Mg types studied.
Figure 7.1 Hydrogen evolution and solutions pH of bulks fabricated from unmilled 
pure Mg powders with various particle sizes in m-SBF.
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Figure 7.2 Weight loss rate and degradation rates of bulks fabricated from unmilled 
pure Mg powders with various particle sizes in m-SBF.
Mg powder type 2 was selected and milled for 3 and 9 h. The biocorrosion 
characteristics of bulks made of milled powders are presented as follows:  
Figure 7.3 represents the total hydrogen volume evolved during the immersion 
test of bulk samples, prepared from mechanically milled Mg powders, in m-SBF at 37 
°C for 72 h. In these Mg samples also an incubation period with a low corrosion rate 
can be observed; however, this period is shorter than that of unmilled pure Mg samples. 
In 3 h milled samples the incubation is about 8 h which is 1.3 times longer than that of 
9 h milled Mg samples (~6 h) and is 4.5 times shorter than that of unmilled type 2 Mg 
samples (36 h). The solutions pH is also increased by increase in immersion time and 
the rate of this increase is higher for 9 h milled Mg samples.
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Figure 7.4a and b shows the weight loss rate and degradation rates of pure milled 
Mg samples after the immersion tests. The weight loss rate as well as degradation rate 
of 9 milled Mg bulks is also higher than that of 3 h milled Mg. The weight loss of 9 h 
milled (49 ݉ ݃ ܿ݉ଶΤ ) is 1.2 times higher than that of 3 h milled samples (42 ݉݃ ܿ݉ଶΤ ). 
The degradation rate based on hydrogen evolution is also 1.2 times higher for 9 h 
milled samples (63.2 ݉݉ ݕ݁ܽݎΤ ) compared to 3 h milled bulks (52.8 ݉݉ ݕ݁ܽݎΤ ).
Figure 7.3 Hydrogen evolution and solutions pH of bulks fabricated from 3 and 9 h 
mechanically milled pure Mg powders in m-SBF.
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Figure 7.4 Weight loss rate and degradation rates of bulks fabricated from 3 and 9 h 
mechanically milled pure Mg powders in m-SBF. 
The polarization curves and characteristics of the milled pure Mg samples are 
shown in Figure 7.5 and Figure 7.6, respectively. As can be seen, the polarization 
curves ascend and move to the right side by increase in milling time. The polarization 
characteristics also show that, corrosion current and potential are increased by 
increasing the milling time. The corresponding corrosion rates ( ௜ܲ), calculated 
according to Equation 3.7, are as 8, 9.6 and 13.4 ݉݉ ݕ݁ܽݎΤ for unmilled, 3 and 9 h 
milled pure Mg samples, respectively.
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Figure 7.5 Polarization curves of milled pure Mg samples in m-SBF.
Figure 7.6 Polarization characteristics of milled pure Mg samples in m-SBF.
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7.1.2 Corrosion properties of bulk Mg-Nb and Mg-Ta composites
Mg powder type 2 was mixed with Nb and Ta powders and mechanically milled 
for 9 h. Then, the biocorrosion properties of bulks were characterized.
Figure 7.7 represents the total evolved hydrogen during the immersion test of 
bulk Mg composites in m-SBF at 37 °C for 24 h. The incubation period with a low 
corrosion rate is shorter in the composites compared to milled pure Mg. The increase 
in reinforcement content even reduces the incubation period. For instance, in Mg2Nb 
and Mg5Nb composites, the incubation period is 1.5 and 1 h, respectively; while no 
incubation period for Mg10Nb can be observed. In Mg-Ta composites, also the 
increase in Ta content from 2 to 10% reduces the incubation period from 2 to 1 h. The 
evolved hydrogen is also increased by increase in reinforcement contents. The 
increment of evolved hydrogen (EH) is more significant for Nb-containing composites 
compared to Mg-Ta composites. In other words, the hydrogen evolved during the 
immersion test is higher in Mg-Nb than that of Mg-Ta composites containing same 
amount of reinforcement (i.e. ܧܪெ௚ଶே௕ > ܧܪெ௚ଶ்௔ ,ܧܪெ௚ହே௕ > ܧܪெ௚ହ்௔ ܽ݊݀ 
ܧܪெ௚ଵ଴ே௕ > ܧܪெ௚ଵ଴்௔). The solutions pH is also increased by increase in immersion 
time and the rate of this increase is higher for Mg composites containing higher 
amounts of reinforcement and is also higher for Mg-Nb than that of Mg-Ta composites.
Figure 7.8a and b shows the weight loss rate and degradation rates of Mg 
composites after the immersion tests. The Mg10Nb composite possess the highest 
weight loss rate and degradation rate among all the Mg composites. The weight loss 
for Mg10Nb is 541 ݉݃ ܿ݉ଶΤ per day, which is 10 times higher than that of pure Mg. 
The lowest weight loss of composites belongs to Mg2Ta (160 ݉݃ ܿ݉ଶΤ per day). The 
increase in reinforcement content increases the weight loss in both types of 
composites. The degradation rate based on evolved hydrogen for Mg10Nb is 910 
݉݉ ݕΤ , which is 12 times higher than that of pure Mg. The Mg2Ta composite also 
possess lowest degradation rate based on evolved hydrogen among composites.
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Figure 7.7 Hydrogen evolution and solutions pH of bulk Mg-Nb and Mg-Ta 
composites in m-SBF. 9 h milled bulk pure Mg is presented as control material.
Figure 7.9 and Figure 7.10 show the polarization curves and characteristics of 
bulk Mg composites, respectively. Generally, the corrosion current and potential of 
Mg composites are higher than that of pure Mg and of Mg-Nb composites are also 
higher compared to Mg-Ta composites. In Mg composites, the corrosion current and 
potential is increased by increase in reinforcement content. For instance the corrosion 
current of Mg2Nb, Mg5Nb and Mg10Nb is 0.723, 0.953 and 1.178 ݉ܣ ܿ݉ଶΤ ,
respectively, and of Mg2Ta, Mg5Ta and Mg10Ta are 0.495, 0.724 and 0.736 
݉ܣ ܿ݉ଶΤ , respectively, which all, except Mg2Ta, are higher than pure Mg (0.0.587 
݉ܣ ܿ݉ଶΤ ).
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Figure 7.8 Weight loss rate and degradation rates of bulk Mg-Nb and Mg-Ta 
composites in m-SBF.
In order to understand the effect of mechanical milling and mixing of matrix 
material with reinforcements on composites, unmilled Mg powder type 3 (with lowest 
corrosion rate) wax mixed with Nb powder manually. Then, biocorrosion properties 
of bulks were investigated.
Figure 7.11a represents the total hydrogen evolved during the immersion test of 
bulk unmilled Mg-Nb composites in m-SBF at 37 °C for 24 h. Note, Mg-Nb 
composites fabricated from milled powders (type 2) are also presented for better 
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comparison (Figure 7.11b). As can be seen, the hydrogen evolution in unmilled 
composites is also increased by increase in reinforcement contents. However, the rate
of hydrogen evolution is lower for bulk composites prepared from unmilled type 3 
powders compared to milled type 2 composites for all Nb contents. In other words, the 
evolved hydrogen from unmilled Mg2Nb, Mg5Nb and Mg10Nb is lower than that of 
milled Mg-Nb composites. The hydrogen evolved from unmilled Mg10Nb composite 
is even lower than that of milled Mg2Nb composite. The incubation period is also 
longer in unmilled Mg-Nb than that of milled composites. In unmilled Mg-Nb 
composites, the solutions pH is also increased by increase in immersion time and the 
rate of this increase is higher for Mg composites containing higher amounts of 
reinforcement.
Figure 7.12a and b shows the weight loss rate and degradation rates of unmilled 
Mg composites after the immersion tests and compares with milled Mg-Nb 
composites. The weight loss and associated degradation rate of unmilled Mg2Nb and 
Mg5Nb composites are lower than that of milled Mg-Nb composites. In contrast to 
hydrogen evolution rate, the weight loss rate of unmilled Mg10Nb (293 ݉݃ ܿ݉ଶΤ per 
day) is not lower than that of milled Mg2Nb (247 ݉݃ ܿ݉ଶΤ per day). However, the 
weight loss and degradation rate of all unmilled and milled Mg-Nb composites is still 
higher compared to unmilled and milled pure Mg.
Figure 7.9 Polarization curves of Mg composites in m-SBF.
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Figure 7.10 Polarization characteristics of Mg composites in m-SBF.
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Figure 7.11 (a) Hydrogen evolution and solutions pH of bulk Mg-Nb composites, 
fabricated from unmilled Mg powders type 3, in m-SBF. Unmilled bulk pure Mg is 
presented as control material. (b) Comparison of unmilled Mg composites (fabricated 
from Mg type 3) and mechanically milled Mg composites (fabricated from Mg type 
2). UM: unmilled, M: milled, T2: Mg type 2 and T3: Mg type 3.
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Figure 7.12 Weight loss rate and degradation rates of bulk Mg-Nb composites, 
fabricated from unmilled type 3 powders, in m-SBF. Mechanically milled Mg 
composites (fabricated from Mg type 2) are presented for comparison.
Figure 7.13 and Figure 7.14 show the polarization curves and characteristics of 
bulk Mg composites, respectively. The polarization curves in unmilled composites 
also ascend and move to the right side by increase in reinforcement content. However, 
the polarization curves of unmilled composites stand lower than that of milled 
composites. The polarization curves of all samples stand significantly higher than 
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unmilled pure Mg. Such trends can be observed for corrosion current and potential as 
well. In unmilled Mg composites, the corrosion current is increased from 0.334 to 
0.534, 0.653 and 0.804 ݉ܣ ܿ݉ଶΤ when Nb content increases from 0 to 2, 5 and 10%, 
respectively.
Figure 7.13 (a) Polarization curves of unmilled Mg/Mg composites (type 3) in m-
SBF. (b) Milled Mg/Mg composites (type 2) are presented for comparison. UM: 
unmilled, M: milled, T2: Mg type 2 and T3: Mg type 3.
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Figure 7.14 Polarization characteristics of unmilled Mg/Mg composites (type 3) in 
m-SBF. Milled Mg/Mg composites (type 2) are presented for comparison.
The corrosion characteristics including evolved hydrogen, weight loss, corrosion 
rates based on weight loss and hydrogen evolution, corrosion current, corrosion 
potential and corrosion rate related to corrosion current of all samples studied are 
presented in Table 7.1.
7.2 Corrosion morphologies of Mg and Mg composites
Figure 7.15 represents the corroded samples after immersion for 24 h.
Figure 7.16 shows the corrosion morphologies of pure Mg and Mg composites, 
prepared from mechanically milled powders, after immersion test for 24 h and before 
removal of corrosion products. The corrosion products can be observed on the surface 
of all specimens. Shrinkage of the corrosion products during drying results in crack 
appearance in the corrosion products. Superficial corrosion can be observed in the 
surface of pure Mg.
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Table 7.1 Corrosion characteristics of pure Mg and Mg composites studied.
Materials
Hydrogen 
evolution rate
(݈݉ ܿ݉ଶΤ .݀ܽݕ)
Corrosion 
rate
௛ܲ
(݉݉ ݕ݁ܽݎΤ )
Weight loss rate
(݈݉ ܿ݉ଶΤ .݀ܽݕ)
Corrosion 
rate
௪ܲ
(݉݉ ݕ݁ܽݎΤ )
Corrosion 
current
(݉ܣ ܿ݉ଶΤ )
Corrosion 
rate
௜ܲ
(݉݉ ݕ݁ܽݎΤ )
Corrosion 
potential
(ܸ)
Unmilled 
pure Mg 
(type 1)
24.003 54.705 31.045 65.194 - - -
Unmilled 
pure Mg 
(type 2)
9.069 20.668 9.488 19.925 0.359 8.203 -1.667
Unmilled 
pure Mg 
(type 3)
2.248 5.123 2.677 5.622 - - -
3 h milled 
pure Mg 
(type 2)
23.166 52.796 42.023 88.248 0.422 9.643 -1.575
9 h milled 
pure Mg 
(type 2)
27.739 63.216 49.337 103.608 0.587 13.413 -1.537
Milled 
Mg2Nb
212.110 483.399 247.619 520 0.723 16.521 -1.486
Milled 
Mg5Nb
298 679.142 389.994 818.988 0.953 21.776 -1.428
Milled 
Mg10Nb
399.607 910.704 541.543 1137.240 1.178 26.917 -1.391
Milled 
Mg2Ta
129 293.991 160.101 336.213 0.495 11.311 -1.581
Milled 
Mg5Ta
230.6 525.537 301.648 633.461 0.724 16.543 -1.480
Milled 
Mg10Ta
320.786 731.07 451.577 948.311 0.736 16.818 -1.461
Unmilled 
Mg2Nb 
(type 3)
74.816 170.506 103.6 217.56 0.543 12.408 -1.611
Unmilled 
Mg5Nb 
(type 3)
142.151 323.962 149.791 314.561 0.653 14.921 -1.564
Unmilled 
Mg10Nb 
(type 3)
194.522 443.316 293.314 615.959 0.804 18.371 -1.534
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However, deep heterogeneous corrosion was characterized in Mg-Nb and
Mg-Ta composites over the whole surface of specimens. The area of heterogeneous 
corrosion as well as corrosion depth (i.e. superimposed corrosion layers) is increased 
by increase in reinforcement contents. Heterogeneous corrosion is less and 
superimposed corrosion layers are thinner in Mg-Ta composites than that of Mg-Nb 
composites. Figure 7.16c exhibits the surface of Mg2Ta which had indicated the lowest 
corrosion rate, while Figure 7.16d, f and g represent the surface of Mg5Nb, Mg10Nb 
and Mg10Ta, respectively, with substantial corrosion rates. The morphologies of the 
degraded composites represent that the depth of corroded surfaces are increased in the 
order of Mg10Nb > Mg5Nb > Mg10Ta > Mg5Ta > Mg2Nb > Mg2Ta. This indicates 
that Mg2Ta has higher corrosion resistance than other composites and Mg10Nb 
reveals the most extreme degradation. Figure 7.17 shows the XRD patterns of the 
surface layers of Mg-Nb and Mg-Ta composites containing degradation products after 
24 h immersion in m-SBF. As can be seen, Mg hydroxide (Mg(OH)ଶ) and 
hydroxyapatite (HA) have been formed on the surface of Mg composites. Specifically, 
the intensities of Mg(OH)ଶ are higher in Mg-Ta composites compared to that of
Mg-Nb composites. The intensities of Mg(OH)ଶ are also higher in Mg composites 
containing 2% Nb or Ta reinforcement and is reduced by increasing in reinforcement
contents. In other words, the corrosion products of Mg composites containing various 
amounts of Mg(OH)ଶ in the increasing order of Mg10Nb < Mg5Nb < Mg2Nb. This 
trend can be observed for Mg-Ta composites as well.
Figure 7.15 Corroded Mg/Mg composites after immersion for 24 h in m-SBF.
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Figure 7.16 Corroded surfaces of pure Mg and Mg composites after immersion 
test for 24 h in m-SBF and before removal of corrosion products. (a) pure Mg, (b) 
Mg2Nb, (c) Mg2Ta, (d) Mg5Nb, (e) Mg5Ta, (f) Mg10Nb and (g) Mg10Ta.
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Figure 7.17 XRD patterns of (a) Mg-Nb and (b) Mg-Ta composites after 24 h 
immersion in m-SBF before removing corrosion products.
7.3 Ion release characterizations of Mg and Mg composites
In order to understand the degradation behaviour of Mg and Mg composites, 
bulk pure Mg as well as Mg2Nb and Mg2Ta composites were fabricated from unmilled 
Mg powder type 3. They then were immersed in m-SBF for 24 h. The ion 
concentrations of the original elements including Mg, Nb and Ta were analyzed. The 
ion release was calculated as ݉݃ ܮΤ .
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The ion concentrations of Mg as well as Nb and Ta are presented in Figure 7.18.
ICP-MS analysis demonstrates that the ion concentrations of these elements in m-SBF 
depend on the chemical composition of Mg material. The ion concentration of Mg in 
bulk pure Mg is significantly lower than that of Mg in Mg2Nb and Mg2Ta composites 
(Figure 7.18a). The ion concentration of Mg in Mg2Nb composite is higher than that 
of Mg in Mg2Ta composite. The ion concentration of Nb and Ta in Mg2Nb and Mg2Ta 
composites, respectively, is remarkably lower than that of Mg due to low content of 
these elements in Mg composites (Figure 7.18b). The concentration of Nb is 
remarkably higher than that of Ta in composites. 
Figure 7.18 Ion concentration of (a) Mg in pure Mg as well as Mg2Nb and Mg2Ta 
composites, (b) Nb and Ta in Mg2Nb and Mg2Ta composites, respectively, after 
immersion for 24 h in m-SBF.
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7.4 Discussion
Magnesium is susceptible to aqueous solutions like physiological environment 
due to its highly low standard potential (-2.38 ௡ܸ௛௘), resulting in high corrosion rates 
(Shaw 2003; Song, GL 2011). However, the corrosion rate of Mg depends on different 
factors such as physiological environment as well as microstructure, surface properties 
and second phase of Mg material. The presence of various ions, blood and protein in 
physiological environment makes an extremely complex corrosive medium for Mg, 
leading to serious aggressive attacks. The corrosion performance of Mg is also 
influenced by the microstructure, grain size and grain boundary. Moreover, Mg is 
chemically reactive and can react with other elements and additives such as alloying 
elements, intermetallic compounds formed during processes or reinforcements added 
to Mg matrix (Ding et al. 2014; Gu, X et al. 2010; Izumi, Yamasaki & Kawamura 
2009; Manivasagam, Dhinasekaran & Rajamanickam 2010; Meifeng et al. 2016).
The corrosion of Mg commences mainly from localized corrosion particularly 
when Mg is immersed in corrosive media (Song, G. & Atrens 1999). The poor 
corrosion resistance of Mg stems from two main reasons: i) internal galvanic corrosion 
occurs due to second phases, additives or impurities and ii) partially-passive hydroxide 
films form on Mg. The protective Mg(OH)ଶ film forms on Mg is much less stable than 
passive films form on aluminium and stainless steels. Magnesium hydroxide films can 
be transformed into more soluble MgClଶ when exposed to mediums containing 
chloride ions. Elimination of Mg(OH)ଶ decreases the protected area and exposes fresh 
Mg to moist conditions, promoting more dissolution of Mg (Avedesian & Baker 1999;
Makar & Kruger 1990, 1993; Xin et al. 2007). The galvanic corrosion in Mg is 
considered as numerous localized corrosion of Mg adjacent to cathode including other 
metals, impurities or second phases possessing low hydrogen overvoltage 
(Figure 7.19). Iron, is determined as one of the most detrimental impurities in Mg 
matrix which affect the corrosion when its level exceeds 0.017% (depending on alloy). 
The galvanic corrosion rate is enhanced by large potential difference between Mg 
(anode) and cathode, great area of cathode compared to anode and small distance 
between Mg and cathode. Mg is also prone to pitting corrosion at its free corrosion 
potential, Eୡ୭୰୰, particularly when exposed to chloride ions, resulting in localized 
corrosion. This corrosion is also developed due to presence of impurities and heavy 
192
CHAPTER SEVEN BIOCORROSION OF BULK …
metals in Mg matrix (HandbookVol13 1987; Lunder, Nisancioglu & Aune 1991; Song 
& Atrens 2003; Song, G. 2005; Song, G. & Atrens 1999; Tunold et al. 1977; Zeng, R-
c et al. 2006).
Many researches revealed that the corrosion properties of Mg can be improved 
by addition of specific alloying elements or additives, proper volume fraction of 
additives or particular processes (HandbookVol13 1987; He et al. 2015; Hillis 1983).
Various elements such as zirconium, aluminium, zinc, niobium, tantalum and rare 
earth elements, categorized as appropriate elements, can improve the corrosion 
resistance of Mg (Ardelean et al. 2009; Ding et al. 2014; Gu, XN et al. 2014; Kim, KR 
et al. 2014; Liu, EB et al. 2012; Wang, Zeng, Wu, Yao & Lai 2007). Some production 
methods like die cast as well as particular complementary processes including surface 
coating, mechanical milling and heat treatment also can be considered as proper 
procedures to improve the corrosion performance of Mg (Grosjean et al. 2004; Gu, 
XN et al. 2014; Song, G., Atrens & Dargusch 1998; Zheng, YF, Gu & Witte 2014).
Figure 7.19 Galvanic corrosion occurs in Mg adjacent to other metals, impurities or 
second phases as cathode (Song, G. & Atrens 1999).
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Mg corrosion in an aqueous solution can be expressed by the following equations 
(Xin et al. 2007; Zhou, X et al. 2014):
ܯ݃ ՜  ܯ݃ଶା + 2݁ି Equation 7.1
2ܪଶܱ +  2݁ି  ՜  ܪଶ ՛ +2ܱܪି Equation 7.2
ܯ݃ଶା +  2ܱܪି ՜  ܯ݃(ܱܪ)ଶ Equation 7.3
This means that the dissolution of Mg in aqueous solutions like SBF generates 
hydrogen gas in SBF. Therefore, the hydrogen evolved during the immersion test can 
directly reflect the corrosion rate of Mg (Song, G., Atrens & St John 2001). In other 
words, the higher the rate of hydrogen evolution the higher the rate of Mg corrosion is 
measured in SBF.
Generally speaking, as can be seen in all the samples studied, regardless of 
composition and fabrication method, the hydrogen gas has been generated due to 
reaction of Mg with SBF solution and the evolved hydrogen has been increased by 
increasing the immersion time. The incubation period can be observed in all the 
samples, except for that of milled Mg10Nb. This represents that in Mg10Nb 
composite, instantaneous corrosion starts at early stages of immersion. The solutions 
pH is also increased by increase in immersion time in all the samples studied. The 
increase in pH is caused by reaction of Mg with SBF. According to above-mentioned 
equations, the dissolution of Mg in aqueous solutions like SBF generates hydrogen gas 
and releases OHି, resulting in pH increase in SBF (Makar & Kruger 1993; Song, G. 
& Atrens 1999). The volume of evolved hydrogen was converted to degradation rate 
and compared with other measuring methods such as weight loss rate and polarization 
tests. In all pure Mg and Mg composites, the degradation rate relating to evolved 
hydrogen is lower than the degradation rate calculated based on weight loss. 
Figure 7.20 plots the average of corrosion rate evaluated from evolved hydrogen, ܲ ஺௩ ௛,
against the average of corrosion rate evaluated from weight loss, ஺ܲ௩ ௐ. Note that, the 
quantities were averaged over the duration of test and should be equal (Song, G., 
Atrens & St John 2001; Zainal Abidin, N. I. et al. 2013). The linear relationship 
between ஺ܲ௩ ௛ and ஺ܲ௩ ௐ can be observed in Figure 7.20. The slope of regression line 
is 1.2 which is almost close to the ideal value 1. However, the values of ஺ܲ௩ ௛ are less 
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than values of ஺ܲ௩ ௐ. The lower degradation rate based on hydrogen evolution can be 
related to the uncollected hydrogen gas bubbles adhered to the burette walls.
The higher corrosion rate of Mg bulks prepared from type 1 (average particle 
size of 50 μm) in comparison to other Mg bulks fabricated from type 2 and 3 (average 
particle sizes of 113 and 345 μm, respectively) can be ascribed mainly to the sintering 
process as well as size of Mg powders. As can be seen in Figure 5.1a, the boundaries 
and porosities between particles can be clearly observed indicating improper sintering 
process in bulks prepared from Mg type 1. Therefore, corrosive solution can penetrate 
easily into porosities in Mg type 1, resulting in corrosion of Mg samples not only from 
the surface but also through the membranes and between the particles. However, in 
Mg type 2 and 3, the particles are sintered more appropriately and lower porosities and 
particle boundaries can be observed. The particle boundaries contain impurities, 
mainly oxygen. The corrosion of Mg and its alloys is affected by impurities 
(Simanjuntak et al. 2015). Therefore, the particle boundaries are invariably cathodic 
to the particles interior. Corrosion is concentrated in the area adjoining the particles 
and occurs until the particle be corroded and fall out (Song, G. & Atrens 1999). The 
finer Mg particles introduce larger particle boundaries in the microstructures, 
obtaining larger regions prone to corrosion. Therefore, the higher corrosion rate can 
be observed in bulks possessing finer particles.
Figure 7.20 Correlation between the average corrosion rates of various samples 
(various particle sizes of pure Mg, milled/unmilled pure Mg, milled and unmilled Mg 
composites) evaluated from hydrogen evolution, ஺ܲ௩ ு, and weight loss, ஺ܲ௩ ௐ tests.
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In mechanically milled pure Mg specimens, the increase in evolved hydrogen 
and degradation rates representing low corrosion resistance compared to that of 
unmilled samples. This can be mainly related to the impurities and microstructural
evolution in milled samples. In current study, the powders were ball milled using steel 
balls and steel vial. The erosion of steel balls and vial increases the iron contamination 
in Mg powders. This claim can be further supported by the Mg, iron (Fe) and oxygen 
(O) concentration depth profiles of Mg specimens fabricated from unmilled and milled 
pure Mg powder (Figure 7.21). As mentioned before, Mg is seriously sensitive to 
impurities, such as iron, and substantial corrosion can be occurred by introducing of 
impurities into Mg matrix which promotes galvanic attacks (Grosjean et al. 2004;
Lamaka et al. 2016; Shaw 2003; Simanjuntak et al. 2015). Moreover, serious plastic 
deformations caused by continuous collision between powders, balls and vial increase 
the density of dislocations, internal strain, stacking faults and grain boundaries in 
powders (Table 4.3) (Hwang, Nishimura & McCormick 2001; Kim, KR et al. 2014;
Suryanarayana 2001; Zidoune et al. 2004). Although the population of dislocations 
and grain boundaries is decreased and strain is released to some extent due to sintering 
process at elevated temperature (Figure 5.4, Figure 5.5 and Table 5.2), some strain still 
remain within the microstructures accelerating the corrosion rate of mechanically 
milled specimens (Bonora et al. 2002; Zheng, Y et al. 2015). Moreover, specimens 
fabricated through PM process contain more porosity than specimens produced 
through other methods such as casting or extrusion. Hence, the corroding solution 
penetrates into the pores exposing internal surfaces of pores as well. In other words, 
corrosion attack occurs on the surface as well as inside the specimens accentuating the 
corrosion rate. These findings led to the conclusion that, mechanical milling of 
powders leads to increase in corrosion rate in current study. The results of hydrogen 
evolution and potentiodynamic tests (Figure 7.3-Figure 7.6 and Figure 7.11-
Figure 7.14) are well-founded evidences for above mentioned idea.
In Mg-Nb and Mg-Ta composites fabricated in this study, the increase in 
reinforcement content generally reduces the corrosion resistance (Figure 7.7-
Figure 7.10). The increase in corrosion rate of Mg composites can be mainly ascribed 
to the galvanic corrosion occurs in large extent due to presence of an external metals 
acting as cathode in Mg matrix. Referring to typical values of the standard electrode 
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potential (ܧ°) of Mg (-2.36 V), Nb (-1.1 V) and Ta (-0.6 V) it can be deduced that, Mg 
is more active than other two elements and its corrosion is significantly influenced by
Figure 7.21 GDOS element depth profile of pure Mg specimens fabricated from pure 
Mg powders (a) before and (b) after 9 h mechanical milling.
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them in combinations (Vanysek 1998). Mg acts as anode and corrodes preferentially 
in Mg-Nb or Mg-Ta galvanic couples. In other words, reinforcement particles placed 
in Mg matrix develop a galvanic couple and serve as galvanic cathode leading serious 
localized corrosion of Mg adjacent to reinforcements (Ding et al. 2014; Song & Atrens 
2003; Song, G. & Atrens 1999). The increase in Nb or Ta content increases the 
cathodes in Mg matrix leading to more and heavier galvanic and localized corrosion 
throughout the Mg matrix. The significant higher corrosion rate of currently 
investigated Mg-Nb and Mg-Ta composites than other Mg alloys -containing second 
phases, impurities or external metals in contact with Mg (Kirkland, N. T. et al. 2010;
Li, Z et al. 2008; Witte, Feyerabend, et al. 2007; Witte, Fischer, Nellesen, Crostack, et 
al. 2006)- can also be ascribed to the size and distribution of reinforcement particles 
in Mg matrix determining the driving force of micro-galvanic couples. The fine and 
homogeneous distribution of reinforcement particles, achieved through milling 
process, develops homogeneous distributed cathodic spots in Mg matrix. This 
promotes the corrosion attack due to enhanced number of micro-galvanic cells within 
the entire Mg matrix. 
Figure 7.22 Schematics representing different distribution types of reinforcements 
(active cathodic areas) and corroded area (active anodic areas) in Mg matrix: (a) 
homogeneous distributed reinforcements obtained through milling process and (b) 
heterogeneous distribution and agglomerates obtained from unmilled powders. Note: 
reinforcement content is the same in both a (milled) and b (unmilled) schematics.
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Well distributed reinforcements result in numerous localized corroded regions 
in matrix providing high corrosion rate. On the other hand, in unmilled Mg composites 
(Figure 7.11-Figure 7.14), the greater the size of reinforcements as well as 
agglomeration of particles resulting in heterogeneous distribution of cathodic areas. 
Therefore, the galvanic activity is focused mainly in regions adjacent to reinforcement 
particles or agglomerates. Consequently, corrosion is reduced in reinforcement-free 
areas (Cabeza et al. 2015; Pérez et al. 2013; Saeri & Keyvani 2011; Zeng, Rongchang 
et al. 2011). Figure 7.22 schematically shows the homogeneous distribution of 
reinforcement particles in milled Mg composites providing more corroded area in Mg 
matrix compared to unmilled composites.
The potentiodynamic polarization results are also consistent with the hydrogen 
evolution and weight loss degradation characteristics of Mg and Mg composites. 
Typically, the cathodic polarization curve is governed by the hydrogen evolution 
reaction through water reduction, while the anodic polarization curve demonstrates the 
degradation of Mg in aqueous solutions. The corrosion of Mg is mainly controlled 
through the cathodic polarization curve in which the hydrogen reduction process 
occurs as well as hydrogen overvoltage of cathodes. Therefore, addition of
reinforcements with low hydrogen overvoltage which facilitates hydrogen evolution 
can boost the cathodic reaction kinetics and consequently accelerate the corrosion rate 
of Mg (Ding et al. 2015; Enos 1997; Rajagopalan et al. 2004; Song, G. & Atrens 1999;
Song, GL 2011). Generally, high current density in a polarization test represents a high 
degradation rate. Therefore, the increase in current density by increasing the milling 
time in pure Mg and reinforcement content in Mg composites demonstrates higher 
degradation rate. Moreover, the addition of reinforcements into Mg matrix move the 
open circuit potential (OCP) to the noble (positive) direction, thus, the cathodic 
reaction occurs on the cathodic branches leading to enhanced corrosion rate in 
polarization tests.
Another reason for high corrosion rate of Mg composites can be related to the 
corrosion morphology of composites. The Mg matrix is preferentially corroded and 
dissolved in SBF; and then the reinforcement particles may fall off the Mg matrix. The 
ejection of reinforcements can be caused by either the reinforcement undermining or 
rear hydrogen gas pressure. In other words, the reinforcements are undermined due to 
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Figure 7.23 Schematic of the galvanic corrosion between Mg matrix and 
reinforcement particles. Dissolution of Mg matrix results in reinforcements 
undermining as well as ejection due to rear hydrogen gas pressure.
dissolution of Mg matrix and separated from the corroded surface; or are ejected by 
hydrogen gas pressure generated behind the reinforcement particles due to Mg matrix 
dissolution in SBF (Figure 7.23), the main causes of pitting occurrence in Mg matrix. 
This also provides more fresh area of Mg matrix exposed to SBF solution leading to 
further corrosion attacks. Accordingly, Mg composites exposed to corrosive solution 
are dissolved from Mg matrix area and also are evacuated from reinforcement particles 
resulting in higher rate of weight loss. The higher difference between corrosion rates 
evaluated from weight loss and hydrogen evolution in Mg composites containing 
higher amounts of reinforcement (Figure 7.8 and Table 7.1) (i.e. ( ௪ܲ ௛ܲΤ )ெ௚ଶே௕  <
 ( ௪ܲ ௛ܲΤ )ெ௚ହே௕ <  ( ௪ܲ ௛ܲΤ )ெ௚ଵ଴ே௕ and ( ௪ܲ ௛ܲΤ )ெ௚ଶ்௔  <  ( ௪ܲ ௛ܲΤ )ெ௚ହ்௔ <
 ( ௪ܲ ௛ܲΤ )ெ௚ଵ଴்௔) can be attributed to the above mentioned idea. Non-uniform 
degradation of composites and pitting observation (Figure 7.15) and different 
thickness of degradation product layers on the surface of corroded samples
(Figure 7.16) are evidences of the galvanic effects of reinforcements and extraction of 
reinforcement particles from Mg matrix.
The corrosion morphology of Mg composites is also become more serious by 
increase in reinforcement content. The more depth of cracks and pits caused by 
localized corrosion in Mg composites containing higher amounts of reinforcements is 
consistent with the degradation rates evaluated from corrosion characteristics. In 
addition, the XRD patterns of the Mg composites after immersion for 24 h 
(Figure 7.17) represent that Mg2Nb and Mg2Ta had the highest intensity of Mg(OH)ଶ
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in the Mg-Nb and Mg-Ta composites, respectively. Thereby, the amount of protective 
Mg(OH)ଶ is higher in Mg2Nb and Mg2Ta composites. Therefore, partial protection 
provided by Mg(OH)ଶ film is superior in such composites compared with other 
composites. The lowest intensity of protective Mg(OH)ଶ film in Mg10Nb composite 
than that of other composites represents the lowest amount of hydroxide and poor 
protection which is consistent with the high corrosion rate of Mg10Nb composite. The 
activity and the degradation of Mg are enhanced in physiological media containing 
chloride with concentrations above 30 mmol lΤ . Since the concentration of chloride in 
the SBF used in this study was significantly higher than the tolerance, the protective 
hydroxide film -formed on the surface of Mg- is dissolved gradually during the 
immersion test (Ding et al. 2015; Gnedenkov et al. 2014; Shaw 2003; Zhang, GY et 
al. 2014; Zhao, M-C et al. 2008). These findings led to the conclusion that the high 
corrosion rate of Mg composites containing higher amounts of reinforcement material 
can be attributed to the accelerated galvanic effects of the reinforcements as well as 
reduced protection caused by the dissolution of hydroxide film.
The results of ion concentration test (Figure 7.18) are also consistent with the 
degradation rate of Mg and Mg composites calculated from hydrogen evolution and 
weight loss rate measurements (Figure 7.11 and Figure 7.12). As can be seen in these 
figures, the degradation rate of unmilled pure Mg is lower than unmilled Mg2Nb 
composite. The reaction of Mg with body fluid in living human fluid results in 
degradation of Mg. The higher degradation rate releases excessive metallic ions in SBF
(Revell et al. 2004; Witte, F et al. 2005; Zhang, S et al. 2009; Zhang, S et al. 2010).
The higher degradation rate of Nb-containing-Mg composites than that of Mg-Ta 
composites represents significantly higher concentration of Nb ion compared to Ta ion 
in SBF. The extraction of reinforcement particles from Mg matrix without reaction 
with SBF can be evidenced by the great difference between the concentration of 
reinforcement ions and weight loss rate of Mg composites. The weight loss rate of 
unmilled Mg2Nb composite was measured as 103 ݉݃ ܿ݉ଶΤ .݀ܽݕ (Figure 7.12a). This 
amount of Mg should contain 2.06 ݉ ݃ of Nb material in Mg2Nb composite. However, 
the Nb concentration in SBF has been measured as ~0.0007 ݉݃ ݈݅ݐΤ which is 
remarkably lower than the value estimated from weight loss measurement. Therefore, 
it can prove that some reinforcement material may fall off the Mg matrix during the 
immersion test enhancing the weight loss rate of Mg composites.
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7.5 Summary
Mg and Nb or Ta powders were mechanically milled and then pure Mg, Mg-Nb 
and Mg-Ta composites were fabricated through powder metallurgy method. Also, 
unmilled Mg powder was mixed manually with unmilled Nb or Ta powders. So, in 
addition to effect of Nb and Ta particles as reinforcement, the effect of simultaneous 
milling of matrix powder and reinforcement particles on the corrosion characteristics 
of pure Mg and Mg composites were investigated in m-SBF. The results are as follows:
In bulk pure Mg, the hydrogen evolution tests show that there is an incubation 
period with a low corrosion rate for all milled and unmilled specimens. The incubation 
period is reduced by reduction in particle size and increase of milling time and is 
followed by an instantaneous corrosion rate. The hydrogen evolved increases by 
increase in immersion time for all types of samples. The degradation rate based on 
hydrogen evolution and weight loss represent a reduction by increase in particle size 
and decrease in milling time of Mg powders. The solutions pH is increased by increase 
in immersion time in all the samples and the rate of increase is higher for Mg powders 
with lower particle size and prolonged milled samples. The porosities introduced in 
the microstructures through PM process increase the corrosion rate of specimens. The 
finer Mg particles introduce larger particle boundaries in the microstructures and 
obtaining larger regions prone to corrosion, leading to higher corrosion rates. 
Mechanical milling process in steel vial with steel balls also introduces iron impurities, 
serious plastic deformations and internal strain in specimens resulting in lower 
corrosion performance in milled Mg samples.
In Mg-Nb and Mg-Ta composites, the incubation period in hydrogen
evolution tests can be observed for all composites except for Mg10Nb composite. The 
incubation period is reduced by increase in reinforcement content. In both types of 
composites, the increase in reinforcement content increases the evolved hydrogen and 
weight loss rate as well as degradation rates. The increase in corrosion rate is more 
significant in Mg-Nb compare to Mg-Ta composites. The results obtained from 
hydrogen evolution and weight loss rate are consistent with polarization tests. The 
higher corrosion current densities are observed in Mg composites containing higher 
amounts of reinforcement and is also higher for Mg-Nb than that of Mg-Ta composites. 
Addition of reinforcement material develops galvanic action between Mg matrix and 
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reinforcements, enhancing the evolved hydrogen as well as cathodic reaction kinetics; 
so, the corrosion rate is subsequently increased by increase in reinforcement contents. 
Deep heterogeneous corrosion and pitting occurrence are also characterized in Mg 
composites due to galvanic effect and extraction of reinforcements from Mg matrix. 
The area of heterogeneous corrosion, superimposed corrosion layers and pitting region 
are increased by increase in reinforcement contents.
In unmilled Mg-Nb composites, the evolved hydrogen, weight loss rate, 
degradation rates and corrosion current densities are lower than that of mechanically 
milled composites. It should be noted that, the corrosion performance of unmilled 
Mg10Nb composite is even higher than that of milled Mg2Nb. In other words, the 
detrimental effect of mechanical milling is more dominant than reinforcement content 
in composites. Mechanical milling improves the distribution of reinforcement particles 
in Mg matrix resulting in numerous localized corroded regions and higher corrosion 
rate than unmilled composites.
The results of ion release also prove the higher degradation rate of Mg 
composites due to higher concentration of Mg in composites. The significantly lower 
concentration of reinforcement ions in SBF also demonstrates the lack of their 
contribution in reaction with SBF and extraction from Mg matrix leading to higher 
weight loss rate.
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8 Chapter 8 - General discussion
This chapter summarises the advantages and disadvantages of Mg and Mg 
composite bulks and foams as well as the method used in this study, which was by 
using the powder metallurgy (PM) technique. The microstructural examination and 
mechanical properties of produced Mg/Mg composite bulks and foams as well as 
corrosion characteristics of fabricated Mg/Mg composite bulks are compared with Mg 
materials investigated by other researchers. It should be noted that, exact comparison 
of the data of Mg materials is difficult. This is even more serious for Mg foams. 
Diverse structures, microstructures, porosities and pore sizes obtained in bulks and 
foams, produced through the same procedure, lead to various results. The diversity is 
also more remarkable in materials produced via various methods or various fabrication 
parameters like different environment and temperature.
8.1 Powder metallurgy process
In this study, bulk and foam pure Mg, Mg-Nb and Mg-Ta composites were 
fabricated through powder metallurgy process. Mechanical milling was employed as 
a preliminary process to PM technique for powder preparation. Both bulk and foam 
types were also fabricated without mechanical milling to characterize the effect of 
milling process in bulks and foams.
Compared to other processes, powder metallurgy method can be considered as 
one of the most adequate and promising techniques to prepare Mg and Mg composite 
foams due to advantages including: flexibility in reinforcement choice, the equipment 
that is used for working with Mg powders, such as ball milling, mixing, pressing and 
extrusion are more economic because of working at low temperatures, uniform grain 
structure and higher homogeneity can be obtained, adding ceramics, fibres and 
particles to produce porous composite structures is feasible, it works in solid state
which is crucial for active molten metals like Mg, the pore size and distribution can be 
controlled by manipulating the shape and size of main powders as well as space holder 
material and by changing the process parameters such as compacting pressure, 
sintering temperature and time, it is capable to add a relatively high volume fraction 
of reinforcements (ýDSHN	9RMWČch 2013; Henriques et al. 2008; Ye & Liu 2004).
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8.2 Mechanical milling
High-energy mechanical milling of powders, as a preliminary process to powder 
metallurgy technique for powder preparation, can develop specific properties. This 
technique can be utilized for production of homogeneous mixture of powders from 
elemental powder materials. It is feasible to obtain materials with unique physical, 
chemical and mechanical properties in large proportion, with simple and low cost 
equipment and in a short time. Moreover, nanocrystalline metals obtained through 
mechanical milling have shown improved mechanical and physical properties.
Continuous rotation and collision between grinding medium and particles lead to work 
hardening, fracturing and cold welding of powder particles. Therefore, a broad range 
of particle sizes and specific layered structure in composite particles can be developed. 
Moreover, strain energy is accumulated and various crystal defects, such as vacancies, 
dislocations, stacking faults and enhanced number of grain boundaries are introduced 
into the particles. Various composite powder particles including of elemental and 
reinforcement powders have been developed through high energy milling process. In 
ductile-ductile components, such as Mg-Nb and Mg-Ta synthesis investigated in this 
study, the ductile components become flattened through a micro-forging process at 
early stages of milling. The flattened particles are then cold welded together and form 
a composite with lamellar structure of constituent metals. With further milling time, 
the hardness and brittleness of composite particles are increased, leading to more 
disintegrated particles with equiaxed dimensions.   Moreover, the preliminary lamellae 
composite adheres to fine and coarse particles resulting in a complex lamellar structure 
due to random welding. The lamellar structure has also been observed and reported by 
researchers in Mg, Ti, Al, Mg-HA and Ag-Cu powders and bulks fabricated from such 
powders (Fogagnolo et al. 2003; Hwang, Nishimura & McCormick 2001; Ratna Sunil 
et al. 2014; Suryanarayana 2001; Yoo et al. 2014). At prolonged milling times, 
extremely fine layer spacing can be obtained or they may disappear and alloying can 
occur. Furthermore, the microstructural features are no longer visible by optical 
microscope and structural refinement happens. It is noted that, structural refinement is 
influenced by the rate of imported mechanical energy into the process as well as the 
rate of work hardening of milled materials (Grosjean et al. 2004; Hwang, Nishimura 
& McCormick 2001; Soni 1998; Zidoune et al. 2004).
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Various Mg composites have been fabricated via mechanical milling and PM 
processes in which reinforcement particles are incorporated in Mg powders. As 
reported by researchers, the morphology and crystal structure of Mg composites 
changes due to milling process and reinforcement addition. For instance, in Mg-HA 
composites, the grain size of ZK60 Mg alloy is reduced. Lamellar structured 
degradable Mg-HA implant also fabricated through mechanical milling and spark 
plasma sintering. Mechanically milled Mgെ AlଶOଷ composites represent 
homogeneously distributed alumina particles in Mg matrix. Reasonably uniform 
distribution and suitable coherence of reinforcements in Mg matrix has been reported
in mechanically milled composite powders (Asano, Enoki & Akiba 2009; Fujiwara et 
al. 2014; Ioannou et al. 2012; Liu, J et al. 2015; Nazari, Nouri & Hilditch 2015a; Ratna
Sunil et al. 2014; Stüpp et al. 2015; Yoon & Ahn 2015).
8.3 Structure of foams
The structure of metal foams is an interconnected network of cells in which solid 
struts and plates form the edges and faces. If only the cell edges are contained the solid 
material of which the foam is made and cells connect through open faces, the foams is 
called open-cell (Gibson & Ashby 1999). It is crucial to understand the structure of 
open cell foams because most of their properties are determined by structure. The 
biomedical application of metallic foams is increased due to their unique properties. 
The porous implants have expressed superior bone formation, more active osteoblast-
like cells, discontinuous bone ingrowth, enhanced proliferation and osseous 
integration and higher ion exchange and protein absorption (Chang, YS et al. 1998;
D'Lima et al. 1998; Karageorgiou & Kaplan 2005; Shapira et al. 2009). In current 
study, porous Mg and Mg composites with pore size and porosities of 300-400 μm and 
30-70%, respectively, were fabricated through PM process using ammonium hydrogen 
carbonate as spacer material. Various Mg/Mg alloy foams with diverse porosities and 
pore sizes have been fabricated through powder metallurgy process (Aghion et al. 
2010; Gu, XN et al. 2010; Karageorgiou & Kaplan 2005; Lietaert et al. 2013; Wen, C 
et al. 2003, 2004). The structure and morphology of pores and porosities of porous 
Mg/Mg composites studied in this thesis are consistent with Mg foams fabricated by 
other researchers.   
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8.4 Compressive properties
The compression test was used to characterize the mechanical properties of 
Mg/Mg composite bulks and foams. A typical stress-strain curve in compression of 
bulks and metal foams is illustrated in Figure 8.1. In general, all the bulks and porous 
Mg/Mg composites fabricated in this thesis show the same trend in compression.
One of the major impediments for using biodegradable porous Mg/Mg alloys in 
medical applications is the decline of mechanical properties due to introduce of 
porosity in the structure. This is even more significant when the porous Mg is exposed 
to physiological environment resulting in even further loss of mechanical integrity 
during degradation. Therefore, understanding and increase of mechanical properties of 
Mg foams seem to be essential. Most of Mg and its alloys suffer from poor formability 
due to their hexagonal close-packed (hcp) crystal structure. Various methods and 
processes including grain refinement, addition of reinforcement material, die casting, 
heat treatment and mechanical milling have been employed to improve the mechanical 
properties of Mg (Avedesian & Baker 1999; HandbookVol2 1990; Li, X, Xiong & 
Guo 2016; Lukyanova et al. 2016; Nayak et al. 2016). The improved mechanical 
properties caused by mechanical milling has been reported in Mg/Mg alloys and 
composites due to finer grain size, finer particle size, improved density of sintered
powders, formation and more homogenize distribution of  reinforcements such
as oxides and solid-solutions, intermetallic phase formation and accumulation of 
internal strain and work hardening (Avar et al. 2014; Azabou, Khitouni & Kolsi 2009;
Huard et al. 1999; Lee, KH et al. 2013; Lu, L, Thong & Gupta 2003; Suryanarayana 
2001). Various materials have been incorporated with Mg to fabricate Mg composites 
with improved mechanical properties. The improvement in mechanical characteristics 
however, varies regarding to Mg material matrix, reinforcement material and content 
and the production method. Silicon carbide (SiC) is the most common reinforcement 
have been used in Mg matrix so far. The mechanical properties of Mg also have been 
improved by addition of biocompatible reinforcements such as calcium, hydroxyl 
apatite and titanium (Feng & Han 2011; Ratna Sunil et al. 2014; Sankaranarayanan, 
S., Jayalakshmi & Gupta 2011; Stüpp et al. 2015; Subramanian et al. 2012; Umeda et 
al. 2010; Witte, Feyerabend, et al. 2007). There is only one report about Mg-Nb 
composites in which Mg material has been reinforced with Nb particulates through 
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disintegrated melt deposition technique. The microhardness and tensile properties, 
including 0.2% YS and UTS, of Mg10Nb increased to 51 HV, 186 and 238 MPa, 
respectively, which is 1.1, 1.5 and 1.4 times, respectively, higher than that of pure Mg 
(Shanthi et al. 2012).
In porous materials the diversity in mechanical properties is even more 
complicated than bulk materials. Because, in addition to above-mentioned parameters, 
the structural characteristics such as porosity, pore size and morphology of pores also 
influence the mechanical properties of foams. Various materials in different open 
foams behave differently and have revealed different properties. There are plenty of 
similar experiments and results about the mechanical properties of open porous 
aluminium, steel and titanium. There are limited reports about Mg foams compared to 
such metallic foams. Although aluminium, steel and titanium foams represent higher 
mechanical properties than Mg foams, the common point between them all is that, 
open pore foams can compress to large strains due to their porous structure. Mg foams 
have been recently considered as potential material for bone tissue engineering due to 
close modulus and strength to that of bone and appropriate bio-properties such as 
biocompatibility and biodegradability. Various Mg and Mg alloy foams have been 
fabricated with diverse porosities, pore sizes and mechanical properties through PM 
process using space holder material. Table 8.1 summarizes the characteristics of such 
Mg foams. 
Figure 8.1 Typical stress-strain curves in compression of (a) bulks and (b) metal 
foams (Dieter 1988; Gibson & Ashby 1999).
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Table 8.1 characteristics of Mg/Mg alloy foams fabricated via PM process.
Mg alloy Pore size Porosity (%) Mechanical properties Ref
Pure Mg 309-363 μm 32.1-76.1
EM: 0.12-3.77
YS: 1.61-29.2
UCS: 1.71-54
PS: 1-45
Des: 65-90
Present study
Mg-Nb 
composite
342-367
μm 53.8-58.2
EM: 0.57-1.08
YS: 8.64-15.4
UCS: 10.29-21.54
PS: 7.8-13.8
Des: 76-83
Present study
Mg-Ta
composite 342-356 53.3-56.7
EM: 0.61-0.86
YS: 12.52-14.76
UCS: 13.55-18.89
PS: 9-12.1
Des: 70-78
Present study
Pure Mg 200-500 μm 50
EM: 0.35
UCS: 7
PS: 2.33
Des: 50
(Wen et al. 2001)
Pure Mg 73-412 μm 35-55
EM: 0.75-1.8
UCS: 11-17.5
PS: 1-4
Des: 55-71
(Wen, C et al. 2004)
Pure Mg 200-400 μm 36-55 EM: 3.6-44UCS: 15-100
(Zhuang, Han & 
Feng 2008)
Pure Mg 0.5-2 mm 40-80
YE: 1-20
UCS: 2.45-3.4
PS: 2.5-3.5
Des: 60-65
(Hao, Han & Li 
2009)
AZ91 0.75-1.75 mm 40-80
YS: 0.025-0.15
UCS: 2-18
PS: 1-13
Des: 60-75
(Han et al. 2008;
Hao, GL et al. 2007)
MgNdZrSiFeCuNi 
alloy 40-140 μm 10-25 - (Aghion et al. 2010)
Pure Mg 250-500 μm 24-31
YS: 13-53
UCS: 20-70
PS: 25-52
Des: 50
(ýDSHN 	 9RMWČFK
2014)
Pure Mg 250-500 μm 11-44 - (ýDSHN-	9RMWČFKD 2014)
Pure Mg - 12-38 - (ýDSHN 	 9RMWČFK2013)
Pure Mg 25-100 μm 10-38
EM: 3-4.9
YS: 43-112
UCS: 25-140
PS: 25
Des: 50
(Cay, Xu & Li 2013)
Mg-Zn 100-400 μm 21-36 EM: 1.5-7.4UCS: 10-60
(Seyedraoufi & 
Mirdamadi 2013)
AZ31, AZ91, 
ZA146 - 46-60 -
(Kitazono et al. 
2007)
AZ31 - 10-77 - (Kikuchi et al. 2005)
EM: Elastic Modulus, YS: Yield Strength, UCS: Ultimate Compressive Strength, PS: Plateau Stress, 
Des: Densification
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The main purpose of the present study is to develop porous Mg with high enough 
mechanical properties close to those of nature bone. The mechanical properties of Mg 
foams can be improved through control of porous structure including porosity, pore 
size and pore morphology. The microstructure refinement of the solid material of 
which foam is made like heat treatment, grain refinement and reinforcing also can 
improve the mechanical characteristics of metallic foams. 
8.5 Corrosion characteristics
Mg and Mg alloys are strongly susceptible to aqueous solutions like 
physiological environment and corrode too quickly. However, fast corrosion rate of 
Mg in physiologic environment is actually the origin of biodegradability and provided 
them as a new and suitable biodegradable implant material. In other words, the 
corrosion and degradation of Mg is vital as degradable material but, it should be 
consistent with the healing period of tissue not to lose its mechanical integrity before 
the sufficient healing of tissues. Therefore, corrosion rate of Mg is considerable from 
two points of view, firstly consistent with the healing period of tissue, which is desired, 
and secondly the loss of mechanical properties during degradation, which is 
inappropriate and is the most serious limitation for orthopaedic applications.
The corrosion performance of Mg is influenced by various parameters such as 
microstructure, grain size and boundary, alloy composition, additional elements, 
intermetallic compounds, surface specifications, production methods and corrosive 
characteristics of the environment. When Mg is immersed in a corrosive media the 
localized corrosion starts the corrosion of Mg. The poor corrosion resistance of Mg 
results from internal galvanic corrosion and unstable protective film on Mg. The 
galvanic corrosion occurs when Mg is adjacent to cathode such as second phases, 
additives or impurities. The large potential difference between Mg and cathode, great 
area of cathode compared to anode and close proximity of Mg and cathode can enhance 
the galvanic corrosion rate of Mg. It should be noted that, the degradation behaviour 
of Mg is influenced by surrounding environment; and since the human body consists 
of various materials including proteins, blood, organic and inorganic substances the 
implanted Mg may be exposed to various attacks and degraded at various rates. 
Therefore, the degradation behaviour of Mg, Mg alloys and Mg composites should be 
evaluated through in vitro experiments to develop an appropriate reference to design 
reliable Mg implants. 
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8.6 Summary
The application of Mg and its alloys as medical implants is increasingly 
developing. Mg foams also have been recently considered as potential material for 
bone tissue engineering due to their particular properties and characteristics including 
capability of bone ingrowth into porosities as well as appropriate biocompatibility and 
biodegradability. However, their application in critical load bearing applications is 
restricted due to limited strength originates from porous structure as well as fast 
degradation of Mg implants in physiologic environments.
Theses limitation can be overcome by employment of particular production 
processes and incorporation of reinforcement materials with Mg matrix to produce 
porous Mg composite. The outcome of this work could help to improve the Mg foam 
fabrication and mechanical properties for not only biomedical applications but also
other usages such as automotive and aerospace industries.
Since there are many methods to fabricate porous structures and also numerous 
parameters influence the properties of Mg foams, studying more and investigating 
various conditions and methods could be essential and helpful.   
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9 Chapter 9 – Conclusions and Recommendations for future work
9.1 Conclusions
This research has developed and improved the understanding of the mechanical 
properties and corrosion characteristics of pure Mg as well as Mg-Nb and Mg-Ta 
composites fabricated through powder metallurgy (PM) process. There were the main 
objectives of this research. The first objective was to develop the understanding of the 
effect of initial Mg particle size on the mechanical properties and corrosion 
characteristics of PM processed Mg bulks. The second objective was to understand the 
effect of mechanical milling process on the mechanical properties of PM processed 
Mg bulks and foams. The effect of mechanical milling on the corrosion characteristics 
of Mg bulk also was investigated. Accordingly, the optimum mechanical milling 
parameters were also determined. The third objective was to understand the effect of 
mechanical milling on the mechanical properties of Mg-Nb and Mg-Ta composite 
bulks. The corrosion performance of Mg-Nb and Mg-Ta composite bulks were 
investigated and finally, the effect of mechanical milling on the corrosion performance 
of such materials were described. The forth objective was to fabricate high strength 
biodegradable Mg-Nb and Mg-Ta composite bulks and foams through incorporation 
of mechanical milling and PM techniques. 
In unmilled pure Mg (PMg), fabricated from various particle sizes, the elastic 
modulus (EM) and micro-hardness were reduced significantly by increase in particle 
size of Mg powders. The yield strength (YS) and ultimate compressive strength (UCS)
were improved by increase in particle size of Mg powders and then decreased by 
further increase in particle size. In such bulks, there is an incubation period with a low 
corrosion rate. The lowest evolved hydrogen was observed in bulks prepared from
PMg-type 3 which possessed the largest particle size (average particle size of 345 μm).
The decrease in particle size of Mg powders increases the evolved hydrogen as well 
as the solution pH during the immersion test. PMg-type 3 also represented the lowest 
degradation rate among all the Mg types studied, which can be ascribed mainly to the 
sintering process as well as size of Mg powders.
The mechanical milling process was used for PMg-type 2 (average particle size 
of 113 μm) as a preliminary process for powder preparation. The amount of 0.5% 
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stearic acid was selected as the optimum amount of surfactant according to the powder 
yield and also to minimise the side effects of stearic acid on corrosion and biological 
properties of specimen. Decrease in intensity as well as peaks broadening of XRD 
peaks indicated increase in internal strain and reduction in grain size during 
mechanical milling. Surface analysis of powders also revealed Mg oxide (MgO) on 
unmilled Mg powders which was reduced in prolonged milled powders. Various 
particle shapes and broaden particle size distribution in milled powders increase the 
compressibility of Mg powders, leading to more compressed green compact. 
Therefore, sintering condition was improved, resulted in less porosity and pore size in 
the microstructure of bulks. The calculation of both stored strain in milled powders 
and released strain in sintered samples represented that the residual strain is higher in 
bulk samples made of prolonged milled powders. Consequently, in milled pure Mg 
bulks, the mechanical properties were increased by increasing the milling time. 
According to the compression test results, 9 h milling was selected as the optimum 
milling time. In milled pure Mg bulks, the incubation period was shorter than that of 
unmilled pure Mg. The solutions pH was also increased by a higher rate compared to 
unmilled pure Mg. The degradation rate and corrosion current density of prolonged 
milled Mg bulks were also higher than that of unmilled pure Mg. The impurities and 
microstructural evolution achieved in milled samples are the main reasons of lower 
corrosion resistance of milled samples.
In manually mixed (MM) Mg-Nb mixture powders, Nb particles were 
accumulated on the outer surface of Mg powders termed here as “outer-particle” Nb 
particulates. On the other hand, where Mg and Nb powders were milled simultaneously 
for 9 h, in addition to outer-particle Nb particulates, some Nb particles are detected as 
inserted particles in Mg powders termed here as “inner-particle” Nb particulates. These 
particles are formed due to cold welding of Mg layers generating “Mg-Nb composite 
particles”. The size of Mg powders was also reduced due to simultaneous milling (SM) 
of Mg powders with reinforcement particles and this reduction was enhanced by 
increase in reinforcement contents. 
In SM Mg composites, uniform distribution of reinforcement particles was seen 
in the microstructures and the uniformity was higher compared to unmilled Mg 
composites. In milled Mg5Nb and Mg30Nb composites, large particles of Nb was
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observed. The porosity is reduced in Mg-Nb composites compared to pure Mg. This 
reduction is more significant in the microstructures of SM Mg-Nb composites 
compared to MM Mg-Nb samples. Milled Mg2Nb composite contained high porosity 
which was reduced gradually by increase in Nb content to 20% and then increased 
remarkably in Mg30Nb. Generally, the size of Nb particles in
MM Mg-Nb samples was larger than that of SM Mg-Nb specimens. Outer-particle Nb 
particulates, placed on the outer surface of Mg powders, provide poor sintering 
conditions. Generally, the addition of Nb and Ta particles into Mg matrix through 
mechanical milling process improved the compressive properties although some 
decrease in compressive properties could be seen at some compositions. The highest 
increase in EM and YS in both Mg-Nb and Mg-Ta composites could be observed at 
20% of reinforcement in which the EM was about two times and YS was about 28% 
higher than that of pure Mg. The maximum values of UCS, observed in Mg10Nb and 
Mg20Ta composites, were about 7% and 5% higher than that of pure Mg, respectively. 
The mechanical properties of Mg-Ta were generally lower than that of Mg-Nb 
composites. The mechanical characteristics of MM Mg-Nb composites were observed 
to be lower than that of milled pure Mg and SM Mg-Nb composites in all 
compositions. The fracture surfaces of pure Mg showed dominant brittle mode 
fracture. The increase in Nb content changes the fracture mode from brittle to more 
dominant shear while in Mg-Ta composites the fracture was altered from dominant 
shear to mixed shear and prominent brittle mode with increasing Ta content.
In mechanically milled Mg composites, the incubation period with a low 
corrosion rate was even shorter compared to milled pure Mg. The evolved hydrogen 
as well as degradation rate were increased by increase in reinforcement contents. The 
evolved hydrogen during the immersion test was higher in Mg-Nb than that of Mg-Ta 
composites containing same amount of reinforcement. Generally, the corrosion current 
of Mg composites were higher than that of pure Mg and of Mg-Nb composites are also 
higher compared to Mg-Ta composites. The increase in corrosion rate of Mg 
composites can be mainly ascribed to the galvanic corrosion occurs in large extent due 
to presence of an external metals act as cathode in Mg matrix. The ejection of 
reinforcements, caused by either the reinforcement undermining or rear hydrogen gas 
pressure, also enhanced the degradation rate of composites. In unmilled Mg 
composites also the hydrogen evolution and degradation rates are increased by 
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increase in reinforcement contents. However, the rate of increase is lower compared 
to milled composites. The higher concentration of Mg ions in Mg composites 
compared to pure Mg also proved the higher degradation rate of Mg
composites than that of pure Mg. On the whole, the corrosion rate were measured
in the increasing order of PMg୳୬୫୧୪୪ୣୢ <  PMg୫୧୪୪ୣୢ <  Mgെ Nb୳୬୫୧୪୪ୣୢ < 
Mgെ Ta୫୧୪୪ୣୢ <  Mgെ Nb୫୧୪୪ୣୢ.
In pure Mg and Mg composite foams, irregular-shape cells, including small 
isolated micro-pores as well as both isolated and interconnected macro-pores could be 
observed in the microstructures of porous samples. The increase in content of space 
holder material increased the porosity and size of pores in the structures. In porous 
samples containing high amount of space holder material, the porosity was higher than 
amount of spacer material used. The porosity and pore size were even larger and more 
distributed in Mg composites containing high amounts of reinforcement material than 
that of pure Mg. The rate of increase in porosity and pore size was less in Mg-Ta 
compared to that of Mg-Nb composites. Conventional compression stress-strain 
curves included of an initial elastic region, a peak stress, a stress drop, long plateau 
region and a densification region were observed for all porous pure Mg and Mg 
composites. The compression properties were reduced by increase in porosity for all 
the porous samples. Interestingly, the mechanical properties of fabricated porous pure 
Mg in this study was higher than that of Mg foams reported by other researchers 
fabricated via PM process. In Mg composites, the stress-strain curves descended by 
increase in reinforcement content. The compression properties of both Mg-Nb and Mg-
Ta composites were also reduced by increase in reinforcement content except at 2% 
Nb. In porous Mg2Nb and Mg2Ta composites, the proportion of inner-particle to 
outer-particle reinforcements was high enough to obtain high strength Mg-
reinforcement composite particles. Therefore, superior bonding between high strength 
Mg composite particles could be achieved during sintering process, resulted in higher 
mechanical properties. The simultaneous increase in porosity and reinforcement 
content enhanced the rate of reduction of mechanical properties. Decline of mechanical 
properties with increasing porosity in porous Mg composites, containing higher 
contents of reinforcement, was higher than that of porous pure Mg and this reduction 
is enhanced by increase in porosity. Fractographic observations of porous samples 
revealed that the cracks initiate from pores and propagate throughout the cell walls 
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perpendicular to the loading direction. When open cell porous pure Mg was loaded, 
the cell walls start bending first and then buckling. In porous Mg composites, in 
contrast to pure Mg, both cell edges and cell walls contributed in failure. In high-
reinforcement-content Mg composites, the cracks started not only from the pores but 
also from reinforcement particles. Furthermore, the presence of outer-particle 
reinforcements on the outer surface of Mg powders caused the Mg powders start 
sliding under compressive loads.
In summary, the mechanical properties of bulk Mg matrix were improved by 
addition of biocompatible Nb and Ta reinforcement materials. The corrosion 
performance of Mg composites was reduced with increasing reinforcement content. 
High strength pure Mg foam were fabricated through a synthesis method including of 
mechanical milling and powder metallurgy process. However, simultaneous addition 
of reinforcement material and porosity reduced the compression properties of porous 
Mg composites.
9.2 Recommendations for future work
It is believed that bulk Mg and Mg foams are potential materials for bone
tissue engineering due to close modulus and strength to that of bone and proper bio-
properties. However, there are some deficiencies and impediments including low 
mechanical properties of high porous structures, low corrosion resistance and loss of 
mechanical integrity during degradation which restrict the application of such 
materials. These limitations can be overcome by persevering effort and investigating 
various materials and conditions. Based on the results of this study, some potential 
areas and future research directions can be suggested as follows:
It was established that the surface oxide of Mg powders can be removed through 
mechanical milling process improving the sintering condition and enhancing 
mechanical properties of fabricated Mg bulks and foams. However, the corrosion 
performance of Mg bulks is reduced due to mechanical milling. Therefore, it would be 
important to utilize high purity Mg powders, produced by high-tech procedures, which 
contain less Mg oxide on the surface. The mechanical properties of such bulk materials 
should be higher than unmilled bulks studied. Consequently, mechanical milling can 
be avoided to obtain superior corrosion resistance as well.
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According to the fact that, impurities such as iron have detrimental effect on the 
bio-corrosion properties of Mg implants, Mg powders with high purity, milling for 
shorter times and using vial and balls other than steel like agate could be another 
alternatives to reduce the impurities in Mg implants.
In this study, Mg composites were fabricated using 9 h milled Mg-reinforcement 
mixture powders. It was mentioned that, some reinforcement particles were embedded 
into Mg powders through 9 h milling process while some particles covered outer 
surface of Mg powders. Prolonged milling processes may insert more reinforcement 
particles into Mg powders, providing more inner-particles reinforcement particles. 
Consequently, the portion of composite particles to Mg powders will be increased may 
resulting in higher mechanical properties. So, longer milling times for instance 30, 50, 
100, 150 and 200 h are suggested to be investigated.
It was mentioned that ammonium hydrogen carbonate was utilized to introduce 
porosity in the Mg structure. The oxygen produced from decomposition of this 
material is detrimental to sintering process leading to lower sintering condition and 
lower mechanical integrity. Therefore, nominating a new material with proper 
decomposition rate and products which is also not harmful for medical applications 
seems to be essential and practical.
It was concluded that, the corrosion aspects of fabricated Mg/Mg composites 
through synthesis process studied are not significant. However, the mechanical 
properties particularly in pure Mg foams are remarkably higher than that of other Mg 
foams produced by other researchers. Therefore, it would be important to improve the 
corrosion characteristics of such materials. This can be performed via various methods 
such as applying a proper coating on the surface of porous structure; or utilizing a high 
corrosion resistant Mg alloys. So, it can be from a great value to investigate the effect 
of coatings on the corrosion properties of high strength Mg/Mg composite implants.
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